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The optimization of magnetocaloric heat transfer efficiency in a La0.5Gd0.1Sr0.4MnO3 (LGSMO)/Ti3С2Tx 

MXene composite for solid-state magnetic refrigeration was performed. The effect of the orientation 

angle 𝛼 of ellipsoidal LGSMO inclusions relative to the anisotropic MXene matrix and the inclusion 

aspect ratio 𝜆 on the heat removal rate, characterized by the target function 𝐽 = ∆𝑇𝑎𝑑/𝜏, where ∆𝑇𝑎𝑑 is 

the adiabatic temperature rise and 𝜏 is the thermal relaxation time, was investigated using the finite 

element method. For a single grain, the optimal orientation was found at 𝛼 = 90°, with the major axis 

aligned in the high-conductivity plane of MXene, and 𝛽 = 0°, where 𝛽 is the angle between the major 

axis and the external magnetic field direction, minimizing the demagnetization factor and maximizing 

the internal field 𝐻𝑖𝑛𝑡. The analysis was further extended to a fractal hexagonal packing of ellipsoidal 

grains by introducing an effective target function 𝐽𝑒𝑓𝑓 = 𝐽 ⋅ 𝜂, which accounts for the volume fraction 𝜂 

of LGSMO in the composite. The optimal aspect ratio for the packed system was found at 𝜆 ≈ 5, 

balancing the competing effects of improved single-grain heat transfer and reduced packing density at 

higher 𝜆. The model was further augmented by introducing cylindrical isothermal channels aligned 

along the high-conductivity direction of the MXene matrix as distributed heat sinks, which shifted the 

optimal aspect ratio to 𝜆* ≈ 2.3, reflecting the dominant role of grain-to-channel thermal resistance in 

determining the heat removal efficiency of the active composite.  
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1. Introduction 

Magnetic refrigeration based on the magnetocaloric 
effect (MCE) is widely regarded as a promising alternative 
to conventional vapor-compression cooling due to its 
higher thermodynamic efficiency and reduced 
environmental impact [1, 2]. The MCE manifests as an 

adiabatic temperature change ∆𝑇𝑎𝑑  upon application or 
removal of an external magnetic field and is particularly 
pronounced near the Curie temperature 𝑇𝐶  of 
ferromagnetic materials. Among magnetocaloric 
materials, lanthanum–strontium manganites La1−xSrxMnO3 

(LSMO) have attracted significant attention because their 
Curie temperature can be tuned to the vicinity of room 
temperature while maintaining a relatively large MCE and 
good chemical stability [3, 4, 5]. It has also been shown 
that partial substitution of La with Gd enables further 
tuning of the magnetic transition temperature without 
substantial degradation of the magnetocaloric response 
[4, 6]. In addition, thermal transport properties of related 
manganite compounds have been systematically 
investigated [7], providing a foundation for modeling heat 
transfer in composite systems. The performance of a 
magnetocaloric device is determined not only by the 
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intrinsic properties of the active material, but also by the 
efficiency of heat exchange with the surroundings. In this 
context, Ti3С2Tx MXene, a two-dimensional material with 
strongly anisotropic thermal conductivity (𝑘∥ ≈ 57 W/m·K 
in-plane and 𝑘⊥ ≈ 2 W/m·K out-of-plane), represents a 
promising matrix for magnetocaloric composites, as it 
enables directional heat removal from embedded 
inclusions. We noted that the geometry and orientation of 
magnetocaloric inclusions within an anisotropic matrix 
had a significant impact on both magnetic and thermal 
characteristics of the system. In particular, the 
demagnetization factor affected the internal magnetic field 
and, consequently, the achievable ∆𝑇𝑎𝑑 , while the 
characteristic thermal relaxation time 𝜏 governed the rate 
of heat dissipation. To analyze these coupled effects, we 
employed a finite-element method (FEM) to solve the 
magnetostatic and heat-transfer problem over a broad 
parameter space.  

In this work, we present a numerical optimization of 
ellipsoidal LGSMO inclusions embedded in a Ti3С2Tx MXene 
matrix. The optimization is performed with respect to 
three geometric parameters: the aspect ratio 𝜆 of the 
inclusions, the angle 𝛼 between the inclusion major axis 
and the direction of low thermal conductivity (out-of-plane 
direction) of the matrix, and the angle 𝛽 between the 
inclusion major axis and the external magnetic field. We 
further extend the analysis to a hierarchical hexagonal 
packing geometry and introduce an effective heat-removal 
metric that accounts for the volume fraction of the 
magnetocaloric phase. Ti3C2Tx MXene represents a 
promising matrix for magnetocaloric composites. 
Advanced processing techniques, such as plasma surface 
treatment [8], can be utilized to modify such 2D structures 
for enhanced performance. 

2. Model and Methods 

2.1. Material Parameters 

The magnetocaloric working material is 
La0.5Gd0.1Sr0.4MnO3 (LGSMO), a perovskite manganite with 
Curie temperature 𝑇𝐶  ≈ 336 K and adiabatic temperature 
rise ∆𝑇ad

max ≈ 1.5 K at an applied magnetic field of µ0H = 2 T 
[4]. The density 𝜌 = 6300 kg/m3 is typical for perovskite 
manganites of the La–Sr–MnO3 family. The specific heat 
capacity 𝑐p = 500 J/(kg·K) and thermal conductivity 𝑘LGSMO 

= 2 W/(m·K) are adopted as representative values for 
La1−xSrxMnO3 manganites near room temperature [7]. The 
matrix material is Ti3С2Tx MXene, a two-dimensional 
transition metal carbide with strongly anisotropic thermal 
conductivity. The in-plane thermal conductivity of Ti3С2Tx 
MXene is strongly dependent on the film preparation 
method. For dense multilayered Ti3С2Tx films, values up to 
55.8 W/(m·K) have been reported [8], which we adopt as 
the in-plane conductivity 𝑘∥ = 57 W/(m·K) representative 
of a well-consolidated MXene matrix. The out-of-plane 
conductivity is taken as 𝑘⊥ = 2 W/(m·K), consistent with 
measurements on MXene thin films [9]. In the finite 
element model the MXene matrix is described by the 
diagonal thermal conductivity tensor 

𝑘̂ =  diag(𝑘∥,  𝑘∥,  𝑘⊥),                               (1) 

where the 𝑧-axis is taken perpendicular to the MXene 

planes. 

2.2. Inclusion Geometry and Orientatio 

      LGSMO inclusions are modelled as prolate spheroids 

with volume equal to that of a reference sphere of 

radius 𝑅0. The semi-axes are parametrized by the aspect 

ratio 𝜆 as 

𝑎 = 𝑅0𝜆
2
3,  𝑏 =

𝑅0

𝜆
1
3

,  
(2) 

so that the inclusion volume 𝑉 =
4

3
𝜋𝑅0

3 is preserved for all 

𝜆 ≥ 1. The spherical case corresponds to 𝜆 = 1. 

The orientation of the inclusion within the MXene 

matrix is described by two angles (Figure 1). The angle 𝛼 

is defined between the major axis of the spheroid and the 

𝑧-axis (the low-conductivity direction of MXene), so that 𝛼 

= 90° corresponds to the major axis lying in the high-

conductivity plane. The angle 𝛽 is defined between the 

major axis and the direction of the external magnetic field 

𝐵𝑒𝑥𝑡 . In this figure, the in-plane directions (x, y) 

correspond to the high-conductivity plane of MXene (𝑘∥). 

The case shown corresponds to 𝐵ext ∥ 𝑦. 

 
Fig. 1. Scheme of the inclusion orientation geometry. 

2.3. Demagnetization Factor and Internal Field 

For a prolate spheroid with eccentricity 

𝑒 =  √1 −  𝜆−2, the demagnetization factors along the 

major and minor axes are given by the Osborn formalism 

[10]: 

𝑁𝑐 =
1 −  𝑒2

𝑒3
(
1

2

ln(1 + 𝑒)

1 − 𝑒
− 𝑒) ,  𝑁𝑎 =

1 − 𝑁𝑐

2
, 

 
(3) 

where 𝑁𝑐 + 2𝑁𝑎 = 1 by construction. For a sphere (𝜆 = 1) 

one recovers 𝑁𝑐  = N𝑎 = 1/3. The effective demagnetization 

factor for an arbitrary angle 𝛽 between the major axis and 

the applied field reads [1]: 
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𝑁𝑒𝑓𝑓(𝜆, 𝛽) = 𝑁𝑐 cos2 𝛽 + 𝑁𝑎 sin2 𝛽 .   (4) 

      Since 𝑁𝑐  < 𝑁𝑎 for any 𝜆 > 1, the effective 

demagnetization factor is minimized at 𝛽 = 0°, which 

maximizes the internal magnetic field [1]: 

𝐻𝑖𝑛𝑡 = 𝐻𝑒𝑥𝑡 − 𝑁𝑒𝑓𝑓𝑀𝑠,    (5) 

where 𝑀𝑠 = 1.5×105 A/m is the saturation magnetization 

of LGSMO [3] and 𝐻𝑒𝑥𝑡  = 𝐵𝑒𝑥𝑡/µ0 with 𝐵ext = 2 T. The 

adiabatic temperature rise is approximated as [1]: 

Δ𝑇𝑎𝑑(𝜆, 𝛽) = Δ𝑇𝑎𝑑
𝑚𝑎𝑥

𝐻𝑖𝑛𝑡(𝜆, 𝛽)

𝐻𝑒𝑥𝑡

 (6) 

2.4. Target Function 

      The efficiency of magnetocaloric heat removal from a 

single inclusion is characterized by the target function 

𝐽(𝛼, 𝛽, 𝜆) =  
Δ𝑇𝑎𝑑(𝛽, 𝜆)

𝜏(𝛼, 𝜆)
,    (7) 

where 𝜏 is the characteristic thermal relaxation time of the 

inclusion, defined as the integral of the normalized 

temperature response [11]: 

𝜏 = ∫
𝑇̅(𝑡) − 𝑇𝑓

𝑇̅(0+) − 𝑇𝑓

∞

0

. (8) 

      Here, 𝑇̅(𝑡) is the volume-averaged temperature of the 

inclusion and 𝑇𝑓  = 290 K is the fixed reservoir 

temperature. Since 𝜏 depends only on 𝛼 and 𝜆 through the 

heat transfer geometry, and ∆𝑇𝑎𝑑  depends only on 𝛽 and 𝜆 

through the demagnetization factor, the optimal value of 𝛽 

can be determined analytically: 𝛽∗ = 0° maximizes ∆𝑇𝑎𝑑  

independently of 𝛼 and 𝜆. The remaining optimization is 

therefore performed over the two-dimensional parameter 

space (𝛼, 𝜆) with 𝛽 = 0° fixed. 

2.5.  Finite Element Model 

The heat transfer problem is solved using FEM. The 

computational domain consists of a cubic MXene block of 

side 𝐿 = 1000 µm with a single LGSMO spheroidal 

inclusion at the center. A fixed temperature boundary 

condition T = T𝑓 is imposed on all outer faces of the block, 

modeling an ideal thermal reservoir. The initial 

temperature of the entire domain is 𝑇𝑓 . 

At t = 0 the magnetocaloric effect is triggered by 

activating a volumetric heat source within the inclusion: 

𝑞̇ =
𝜌𝐿𝐺𝑆𝑀𝑂𝑐𝑝Δ𝑇𝑎𝑑

𝑡𝑝𝑢𝑙𝑠𝑒

,  0 < 𝑡 ≤ 𝑡𝑝𝑢𝑙𝑠𝑒 , (9) 

with pulse duration 𝑡pulse = 0.02 s corresponding to a field 

cycling frequency of 25 Hz. The volume-averaged 

temperature of the inclusion is monitored via a domain 

probe. Simulations are performed over 100 ms with a time 

step of 1 ms. A parametric sweep is performed over (𝛼, 𝜆) 

with 𝛼 ∈ [0°,90°] and 𝜆 ∈ [1, 20]. For each configuration 

the relaxation time 𝜏 is extracted by numerical integration 

of Eq. (8) applied to the probe output, and the target 

function J is computed using Eq. (7) with ∆𝑇𝑎𝑑  evaluated 

analytically via Eqs. (4)–(6). The example of the 

considered configuration is shown in Figure 2. In practice, 

the boundary conditions of a real device would differ from 

this idealized reservoir. This may increase the extracted 

relaxation time τ. 

 
Fig. 2. Temperature distribution in the Ti3C2Tx MXene matrix around a 
single LGSMO ellipsoidal inclusion for 𝜆 = 11, 𝛼 = 45°, 𝛽 = 0°. The 𝑦-axis 
points right and the 𝑧-axis points up. The color scale ranges from the 
reservoir temperature 𝑇𝑓 (blue) to the peak temperature (red).  

2.6. Surrogate Model and Global Optimization 

To enable efficient interpolation and global 

optimization over the discrete parameter grid, a Gaussian 

Process (GP) surrogate model with a Matern covariance 

kernel (𝜈 = 5/2) is trained on the finite element results 

using the scikit-learn library. The GP models the target 

function 𝐽𝑒𝑓𝑓(𝜆) as a realization of a Gaussian process, 

providing both a mean prediction µ(𝜆) and a posterior 

standard deviation 𝜎(𝜆): 

𝜇(𝜆) = 𝐤(𝜆,  𝑿)(𝐊 +  𝜎𝑛
2 𝐈)−1𝐲, (10) 

𝜎2(𝜆) = 𝑘(𝜆, 𝜆) − 𝐤(𝜆, 𝑿)(𝐊 + 𝜎𝑛
2𝐈)−1𝐤(𝐗, 𝜆), 

(11) 

where X is the vector of training points (FEM parameter 
values), y is the corresponding vector of 𝐽𝑒𝑓𝑓  values, K is 

the covariance matrix evaluated on the training set, and 
𝜎𝑛

2 is the noise variance. The quantity 𝜎(𝜆) quantifies the 
interpolation uncertainty between the discrete FEM data 
points: it vanishes at the training points and grows in 
regions where data are sparse. The input feature 𝜆 is 
standardized prior to training. The kernel 
hyperparameters are optimized by maximizing the log 
marginal likelihood with 10 random restarts. The 
surrogate mean µ(𝜆) is evaluated on a dense grid of 500 
points to locate the global optimum 𝜆∗ with sub-grid 
resolution. 

2.7. Multi-Grain Packing 

To extend the single-grain analysis to a realistic 
composite, we consider a fractal hexagonal packing of 
ellipsoidal grains. The elementary cell consists of seven 
large grains arranged in a close-packed hexagonal 
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configuration (one central grain surrounded by six 
neighbors), with six smaller grains of the same aspect 
ratio 𝜆 placed in the interstitial voids. The ratio of the 
small to large grain size is 𝑘 = √3/(2−√3) ≈ 6.46, 
determined by the geometry of the inscribed sphere in the 
triangular void of the hexagonal packing. 

The elementary cell is a rectangular parallelepiped 
whose height h is fixed at the value corresponding to 𝜆 = 
13 with three packing layers: 

ℎ = (2 + 2√3)𝑅0𝜆𝑟𝑒𝑓

2
3 ,   𝜆𝑟𝑒𝑓 = 13, (12) 

while the width and depth scale with 𝜆 as 6𝑏(𝜆) and 2𝑏(𝜆), 
respectively, where 𝑏(𝜆) = 𝑅0/𝜆1/3 is the minor semi-axis. 
As 𝜆 decreases, the grains become more rounded and 
more layers fit within the fixed height ℎ; the number of 
layers 𝑛(𝜆) is given by 

𝑛(𝜆) =

[
 
 
 
 
(
𝜆𝑟𝑒𝑓

𝜆
)

2
3
(2 + 2√3) − 2

√3
+ 1

]
 
 
 
 

. (13) 

      The cell is filled to capacity with grains of fixed aspect 
ratio 𝜆 and orientation 𝛼 = 𝛼∗, 𝛽 = 0°. The layers alternate 
between rows of 2 and 3 grains. The total number of large 
grains 𝑁(𝜆) and the resulting LGSMO volume fraction 𝜂(𝜆) 
= 𝑁(𝜆)𝑉𝑔𝑟𝑎𝑖𝑛/𝑉𝑐𝑒𝑙𝑙  are computed analytically for each 𝜆. All 

grains are co-oriented with 𝛼 = 𝛼∗and 𝛽 = 0°. The effective 
heat removal metric for the packed system is 

𝐽𝑒𝑓𝑓 = 𝐽(𝛼∗, 0, 𝜆) ⋅ 𝜂(𝜆), (14) 

where 𝜂(𝜆) is the volume fraction of LGSMO in the 
elementary cell. The geometry of the fractal hexagonal 
packing for two representative values of the aspect ratio is 
illustrated in Figure 3. 

 
Fig. 3. Fractal hexagonal packing geometry for 𝜆 = 2. 

2.8. Multi-Grain Model with Active Water Cooling 

The single-grain analysis was extended to a fractal 
hexagonal packing of LGSMO ellipsoidal inclusions 
embedded in a Ti3C2Tx MXene matrix, supplemented by 
cylindrical water channels aligned along the 𝑧-axis, which 
coincides with the direction of maximum thermal 
conductivity 𝑘∥ = 57 W/(m·K) of the matrix. The 
computational domain is a rectangular parallelepiped 
whose lateral dimensions scale with the minor semi-axis 
𝑏(𝜆) = 𝑅0/𝜆1/3. The domain is populated following the 

fractal hexagonal packing defined in Section 2.7, with all 
grains co-oriented at 𝛼 = 90° and 𝛽 = 0°. 

Six cylindrical channels of radius 𝑟𝑡𝑢𝑏𝑒  are placed at 
the triple-point positions of the hexagonal lattice. Rather 
than resolving the full convective flow, each channel is 
modelled as a cylindrical void with a fixed-temperature 
boundary condition 𝑇 = 𝑇𝑓  = 290 K imposed on its end 

faces, representing an ideal isothermal heat sink. The 
geometry of the assembled model is illustrated in Figure 4. 
Heat removal proceeds in two sequential phases: during 0 
≤ 𝑡 ≤ 𝑡𝑝𝑢𝑙𝑠𝑒  = 0.02 s (same as in Section 2.5) the 

magnetocaloric source q̇ of Eq. (9) is active; thereafter the 
source is deactivated and heat is conducted from the 
LGSMO grains through the MXene matrix to the isothermal 
channel surfaces. A parametric sweep is performed over 𝜆 
∈ {1, 2, 2.5, 3, 3.5, 4, 5, 7, 9, 11, 13} at fixed 𝛼 = 90°, 𝛽 = 0°. 

 
Fig. 4. Three-dimensional view of the multi-grain composite domain 
with active water-channel cooling. Prolate spheroidal LGSMO grains 
are arranged in a fractal hexagonal packing inside the Ti3C2Tx MXene 
matrix; six cylindrical water channels are positioned at the triple-point 
vertices of the hexagonal lattice and aligned along the z-axis (𝑘∥ 
direction of MXene). 

      The relaxation time 𝜏 is extracted from each probe 

record by numerical integration of Eq. (8), the target 

function 𝐽(𝜆) is computed from Eq. (7) with ∆𝑇𝑎𝑑  

evaluated analytically at 𝛽 = 0°, and the effective 

functional is obtained as 𝐽𝑒𝑓𝑓(𝜆) = 𝐽(𝜆) · 𝜂 (Eq. (14)). A 

Gaussian-process surrogate is fitted to the eleven FEM 

data points; the posterior mean 𝜇(𝜆) and variance 𝜎2(𝜆) 

are evaluated by direct Cholesky factorisation of the 

kernel matrix according to Eqs. (10) and (11), and the 

surrogate is queried on a dense grid of 1000 points to 

identify 𝜆*. 

3. Results 

3.1. Single-Grain Optimization 

The target function 𝐽(𝛼, 𝜆) computed from the finite 
element simulations at 𝛽 = 0 is shown in Figure 5. The GP 
surrogate interpolates between the discrete FEM data 
points and identifies the global optimum at 𝛼* = 88.4° and 
𝜆* = 19.4, with 𝐽𝑚𝑎𝑥  = 0.241 K ms−1. 
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Fig. 5. Heat map of the target function 𝐽(α, λ) for a single LGSMO 
ellipsoidal inclusion in the Ti3C2Tx MXene matrix at 𝛽 = 0°. The color 

scale represents target function 𝐽 = Δ 𝑇𝑎𝑑/τ in K ms−1, characterizing 
heat removal rate. The white star marks the GP optimum at 𝛼* = 88.4°, 
𝜆* = 19.4. 

The map reveals two clear trends. First, 𝐽 increases 
monotonically with 𝛼 for all 𝜆, with the maximum reached 
at 𝛼 = 90°, corresponding to the major axis aligned with 
the high-conductivity plane of MXene. This orientation 
minimizes the thermal relaxation time 𝜏 by maximizing 
heat flux along the most conductive direction of the 
matrix. Second, 𝐽 increases with 𝜆 and saturates at large 
aspect ratios: at 𝛼 = 90°, the target function reaches 95% 
of its maximum value already at 𝜆 = 10, with only a 4.9% 
residual gain for 𝜆 > 10. We therefore adopt 𝛼* = 90° and 
𝜆* = 10 as the practical optimum, balancing heat removal 
efficiency against the geometric complexity of highly 
elongated inclusions. 

3.2. Multi-Grain Packing Optimization 

The effective target function 𝐽𝑒𝑓𝑓(𝜆) = 𝐽(𝛼*, 0, 𝜆) · 𝜂(𝜆), 

evaluated at the optimal orientation 𝛼* = 90°, is shown in 
Figure 6. The GP surrogate identifies the optimum at 𝜆* = 
4.9, with 𝐽𝑒𝑓𝑓

∗  = 0.076 K ms−1. 

 
Fig. 6.  Effective target function 𝐽𝑒𝑓𝑓(𝜆) = 𝐽·𝜂 for the fractal hexagonal 

packing at 𝛼 = 90°, 𝛽 = 0°. Symbols show FEM data; solid line is the GP 
surrogate mean µ(𝜆); shaded band is the posterior uncertainty µ±𝜎; 
dashed vertical line marks the GP optimum 𝜆* = 4.9. 

The target function exhibits a pronounced maximum 
near 𝜆 ≈ 5, followed by a sharp drop for 𝜆 > 5. This 
behaviour reflects the competition between two opposing 
effects. On one hand, increasing 𝜆 improves the single-
grain heat removal rate 𝐽 by elongating the inclusion along 
the high-conductivity direction of MXene. On the other 
hand, the fixed cell height ℎ accommodates fewer grains as 

𝜆 increases, reducing the volume fraction 𝜂(𝜆) and thus 
diminishing the overall contribution of the magnetocaloric 
phase. The optimal aspect ratio 𝜆* ≈ 5 represents the 
balance between these two competing effects. 

3.3. Multi-Grain Model with Active Water Cooling 

The dependence of 𝐽𝑒𝑓𝑓(𝜆) on the inclusion aspect 

ratio obtained from the parametric sweep is shown in 
Figure 7. The surrogate mean 𝜇(𝜆) passes through all FEM 
data within the posterior uncertainty band 𝜇 ± 𝜎, and the 
global optimum occurs at 𝜆* = 2.27, with 𝐽𝑒𝑓𝑓

∗  ≈ 32 K s−1. 

 
Fig. 7. Target function 𝐽(𝜆) for the fractal hexagonal packing with 
active water-channel cooling at 𝛼 = 90°, 𝛽 = 0°. Symbols: FEM data; 
solid line: GP surrogate mean µ(𝜆); shaded band: posterior uncertainty 
µ±𝜎; dashed line: surrogate optimum 𝜆∗= 2.27.   

The non-monotonic behavior of 𝐽𝑒𝑓𝑓(𝜆) is governed 

entirely by the shape dependence of the single-grain heat-
removal rate 𝐽(𝜆), since in the present configuration the 
volume fraction 𝜂 of LGSMO is determined by the fixed cell 
geometry and is independent of 𝜆. The optimum at 𝜆* = 
2.27 therefore reflects a balance between two competing 
effects that both act through 𝐽(𝜆) = ∆𝑇𝑎𝑑(𝜆)/𝜏(𝜆). On one 
hand, increasing 𝜆 reduces the demagnetization factor 𝑁𝑐  
along the major axis (Eq. (3)), which raises the internal 
field 𝐻𝑖𝑛𝑡  and, through Eq. (6), increases ∆𝑇𝑎𝑑 ; this effect 
saturates for large 𝜆 as 𝑁𝑐  → 0. On the other hand, the 
relaxation time 𝜏 is controlled by the thermal resistance 
between the LGSMO grain and the nearest isothermal 
channel wall. For moderate elongation the grain body 
remains geometrically close to the surrounding channel 
surfaces, and heat is efficiently conducted through the 
MXene matrix along the high-conductivity direction 𝑘∥ to 
the fixed-temperature sink. As 𝜆 increases beyond the 
optimum, the grain becomes increasingly needle-like and 
its tips extend far from the channels, raising the effective 
thermal resistance and prolonging 𝜏 despite the high in-
plane conductivity of the matrix. The optimum at 𝜆* ≈ 2.3 
marks the aspect ratio at which the gain in ∆𝑇𝑎𝑑  from 
reduced demagnetization can no longer compensate for 
the growing thermal resistance imposed by the elongated 
geometry of the grain relative to the fixed spatial 
distribution of the cooling channels. 

4. Discussion 

The single-grain optimization demonstrates that the 
thermal relaxation time 𝜏 is the dominant factor governing 
the heat removal rate 𝐽: aligning the major axis with the 
high-conductivity plane of MXene (𝛼 = 90°) provides a 
monotonic and substantial gain in 𝐽 across all aspect 
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ratios, while the benefit of increasing 𝜆 saturates beyond 𝜆 
≈ 10. The analytical result 𝛽* = 0 — alignment of the major 
axis with the external field — follows directly from the 
minimization of the demagnetization factor 𝑁eff and is 
independent of the thermal geometry, confirming that the 
magnetic and thermal optimizations are decoupled in this 
system. 

The multi-grain packing analysis introduces a 
competing effect absent at the single-grain level: the 
volume fraction 𝜂(𝜆) decreases as the grains become more 
elongated, because the fixed cell height accommodates 
fewer layers. The resulting optimum at 𝜆* ≈ 5 represents a 
balance between improved single-grain heat transfer and 
reduced packing density, and is substantially lower than 
the single-grain optimum 𝜆* = 10. The value 𝜆𝑟𝑒𝑓= 13 was 

chosen as a fixed geometric reference for the cell height h. 
Changing 𝜆𝑟𝑒𝑓  would rescale 𝜂(𝜆), but the balance 

between single-grain heat transfer and packing density 
that sets the optimum near 𝜆* ≈ 5 is expected to remain 
the same. 

Comparison with the fractal hexagonal packing 
without cooling channels, which yielded 𝜆* = 4.9, reveals 
that the introduction of active water-channel cooling shifts 
the optimum towards lower aspect ratios (𝜆* ≈ 2.3). This 
shift reflects the fundamentally different heat-removal 
mechanism: in the first case the limiting resistance is the 
in-matrix conduction path to the outer boundary, and 
elongation of the grains provides sustained gains up to 𝜆 ≈ 
5; in the second case the coolant channels constitute a 
distributed heat sink throughout the interior of the cell, so 
the conductive path from grain to channel is already short 
for moderate 𝜆, and further elongation yields diminishing 
returns while the packing-density penalty 𝜂(𝜆) continues 
to act. The optimum at 𝜆* ≈ 2.3 is substantially more 
accessible from a fabrication perspective than the 
elongated morphologies required in the passive 
configuration. 

5. Conclusion 

In this work, the heat removal efficiency of an LGSMO–
MXene magnetocaloric composite was optimized by 
tailoring the geometry and orientation of ellipsoidal 
inclusions. Using finite element simulations over a broad 
parameter space, combined with Gaussian process 
surrogate modelling, we identified the inclusion 
configurations that maximize the target function 𝐽 = 
∆𝑇𝑎𝑑/𝜏. 

For a single inclusion, the optimal configuration (𝛼* = 
90°, 𝛽* = 0°, 𝜆* = 10) aligns the major axis with the high-
conductivity plane of MXene and with the external field, 
simultaneously maximizing the effective thermal 
conductance of the composite and the internal magnetic 
field. Extending the analysis to a fractal hexagonal 
packing, the effective heat removal rate 𝐽eff was further 
optimized with respect to the inclusion aspect ratio, 
yielding 𝜆* ≈ 5 in the passive configuration and 𝜆* ≈ 2.3 
with active water-channel cooling. In both cases, the 
optimized composite geometry provides a substantially 
enhanced heat removal rate compared to a reference 
spherical-inclusion (𝜆 = 1) composite. 
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