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a b s t r a c t 

The thermal conductivity ( 𝜅) and heat capacity ( C p ) of the magnetocaloric AlFe 2 B 2 compound were investi- 
gated to assess its room temperature heat transfer and thermal management potential relative to other magne- 
tocaloric materials such as FeRh, Gd, Gd 5 (Si,Ge) 4 La(Fe,Si) 13 and (Mn,Fe) (P,As). The room temperature thermal 
conductivity was determined along the three principal crystallographic directions of AlFe 2 B 2 using the time- 
domain thermoreflectance (TDTR) method on six randomly oriented AlFe 2 B 2 grains, resulting in an observed 
anisotropic thermal conductivity with a 40% larger 𝜅 along the c -axis: 𝜅x = 4.7 ± 0.1 W/mK, 𝜅y = 4.4 ± 0.1 W/mK, 
and 𝜅z = 6.8 ± 0.3 W/mK. 
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Primary energy that is not transformed into useful work typically
akes the form of waste heat. In 2016, rejected thermal energy accounted
or over 65% of all energy produced in the United States [1] . This sce-
ario highlights the need for improved thermal energy management
echnologies, including new materials, to capture and transform waste
eat into other usable forms of energy. The effectiveness of thermal en-
rgy harvesting devices is directly related to the heat transfer from the
ource to the harvester, for downstream use. Important parameters in
his regard are the heat capacity ( C p ) and the thermal conductivity ( 𝜅)
f working materials in the energy harvesting device. 

Included in the portfolio of materials for thermal energy manage-
ent are magnetocaloric materials which undergo a reversible tem-
erature change upon application and removal of an applied magnetic
eld [2] and are under consideration for application in solid-state re-

rigeration and thermal management devices. In this work we report
he heat capacity and thermal conductivity of the intermetallic AlFe 2 B 2 
ompound, to determine its near-room-temperature heat transfer po-
ential. The AlFe 2 B 2 ( aka 1-2-2) system has recently become of inter-
st to the scientific community due to the low cost of its constituent
arth-abundant elements, relative ease of fabrication, promising tun-
ble magnetocaloric effect near room temperature ( ΔT ad ∼ 1.8–2.2 K
t 𝜇0 H app = 2 T near T ∼290 K) and low heat capacity ( C p = 124 J/mole
) [3–5] . The thermal transport behavior along with the previously re-
orted anisotropic magnetic properties of AlFe 2 B 2 [6] provide design
onsiderations for incorporation of AlFe 2 B 2 -based compounds into heat
ransfer devices for thermal management. 
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The AlFe 2 B 2 crystal structure ( Fig. 1 ) consists of Al monolayers
hich alternate along the b -axis with Fe–B subunits that lie within the
 ac )-plane. The intrinsic layered morphology of the AlFe 2 B 2 -type crystal
tructure donates a sizeable magnetocrystalline anisotropy of 0.9 MJ/m 

3 

n the ( ac )-plane [6–8] . Previous studies have reported that AlFe 2 B 2 
ndergoes a coupled structural and magnetic phase transition in the
icinity of room temperature [9] . This magnetostructural phase trans-
ormation manifests as a non-uniform change in the lattice parameters
ith little change in the unit cell volume or crystal structure [9] . Al-

hough Cedervall et al. explicitly state that they detected no distortion
n the 1-2-2 lattice at the magnetic phase transition temperature, their
ccompanying published data of the lattice parameters as a function
f temperature appears to show a change in slope of the temperature-
ependent lattice distortions in the vicinity of the phase transition tem-
erature [10] . Recent publications have shown that the magnetocrys-
alline anisotropy leads to a larger magnitude of the magnetic entropy
hange when measured along the easy a -axis of AlFe 2 B 2 versus the c -
xis and therefore the crystallographic orientation relative to the applied
agnetic field is a useful magnetocaloric or thermal energy harvesting
evice design consideration [6] . Based on the anisotropic nature of the
agnetocaloric effect in this system, it is of interest to determine the
ear-room-temperature anisotropic thermal conductivity ( 𝜅), and heat
apacity ( C p ) of AlFe 2 B 2 . 

AlFe 2 B 2 was synthesized by arc melting the constituent elements
99.9% purity) in a 1.5 Al: 2 Fe: 2 B molar ratio; excess Al was in-
entionally added to maximize the AlFe 2 B 2 phase content and avoid
versity, Boston, MA 02115, USA. 

. 

https://doi.org/10.1016/j.mtla.2018.05.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mtla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2018.05.011&domain=pdf
mailto:lejeune.b@husky.neu.edu
https://doi.org/10.1016/j.mtla.2018.05.011


B.T. Lejeune et al. Materialia 1 (2018) 150–154 

Fig. 1. AlFe 2 B 2 crystal structure consisting of planes of Al atoms which act as 
spacers perpendicular to the long b -axis between Fe–B layers which lie in the 
( ac )-plane. 
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ormation of deleterious iron borides [3] . Examination of the arc-melted
harges using x-ray diffraction revealed AlFe 2 B 2 , Al 13 Fe 4 , and FeB. The
rc-melted charges were subsequently pulverized in air with a mortar
nd pestle into a fine powder ( < 74 μm), packed into a small diame-
er glass tube, which was closed on one end, and sealed under vacuum
1 ×10 − 6 Torr) in a larger vitreous silica tube for annealing at 1000 °C
or 7 days. Samples were furnace cooled following heat treatment. The
nnealed powders were etched while stirring continuously with 50%
ig. 2. Inverse pole figure [001] obtained from the EBSD experiment on the selected 
ased on the scale shown on the right. Sample coordinate frame (A1 and A2 axes) i
rientations were selected for subsequent TDTR experiments. 

151 
/v HCl for 13 min at room temperature to remove secondary Al-rich
hases such as Al 13 Fe 4, delivering a higher phase fraction of AlFe 2 B 2 .
fter etching, the powder was collected via vacuum filtration with a
uchner funnel. This purified AlFe 2 B 2 powder was pressed at 1000 °C

nto a 2.54 cm-diameter disk and vacuum-sintered. This disk was sliced
nto slabs using a low-speed diamond saw for subsequent structural,
agnetic and thermal transport characterization. 

The chemical composition of the sintered disk was confirmed by
robing three locations using scanning electron microscopy and energy-
ispersive spectrometry (SEM-EDS, Hitachi S4800). The crystal struc-
ure of AlFe 2 B 2 within the disk was again examined with x-ray diffrac-
ion (XRD, PANanalytical X’ Pert PRO) using Cu-K 𝛼 radiation at room
emperature in the angular range 10°≤ 2 𝜃 ≤ 80° Bragg reflections ob-
ained from the x-ray diffraction patterns were fit with a pseudo-Voight
unction and successfully indexed to an orthorhombic unit cell using a
east-squares cell-parameter refinement method [11] . 

A small piece of the AlFe 2 B 2 sintered disk was removed using elec-
rical discharge machining (EDM) and mounted in copper-based bake-
ite for thermal conductivity measurements. The surface of the mounted
ample was subsequently ground in water using SiC paper of 120, 320,
00, 800, 1200 grit sizes in sequence and was then polished for 24 h
ith a vibratory polisher using 0.05-μm colloidal silica suspension. Sev-

ral indents were put into the surface of the polished sample with a
icro-indenter (Buehler Micromet II Digital Micro Hardness Tester) to
ark selected regions ( ∼ 400 ×600 μm) for electron backscatter diffrac-

ion (EBSD, XL-30 ESEM system (FEI, Inc.)) characterization and sub-
equent thermal conductivity measurements. The lattice parameters of
lFe 2 B 2 and the Wyckoff positions of the constituent atoms published
y Jeitschko were applied into the TSL OIM analysis software to simu-
ate electron diffraction patterns (Kikuchi patterns), which were used to
etermine orientations of local grains through fitting the experimental
ikuchi patterns from EBSD [8] . In this manner, the crystallographic
rientation of each grain was obtained, as shown in the inverse pole
rientation map ( Fig. 2 ) of the AlFe 2 B 2 microstructure in the selected
egion (area 400 ×600 μm), utilizing the Euler angle data provided by
BSD. This information was used to determine the thermal transport
irections of thermal conductivity measurements, represented as the
irection cosines relative to the crystalline principle axes. Six of the
400 ×600 μm region. The multicolored regions represent orientations identified 
s also given. Six larger grains labelled from G1 to G6 with distinct anisotropic 
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Fig. 3. (a) Temperature-dependent magnetization (M(T)) of the AlFe 2 B 2 sintered disk at 𝜇0 H app = 1 T showing a Curie temperature of 305 K (b) Zero-field heat 
capacity ( C p ) as a function of temperature in the temperature range of 8 K < T < 325 K. 
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Fig. 4. X-ray diffraction pattern of the AlFe 2 B 2 sintered sample overlaid with 
standard diffraction data for AlFe 2 B 2 (green) and FeB (blue) showing diffraction 
peaks corresponding primarily to AlFe 2 B 2 with minority phase peaks associated 
with FeB, Al, and Al 13 Fe 4 . (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article). 
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arge grains, labeled as G1–G6 in Fig. 2 , (roughly 50–70 μm in diam-
ter) were chosen for subsequent thermal conductivity measurements
sing the TDTR method. 

Magnetic characterization of the AlFe 2 B 2 sintered disk ( Fig. 3 (a))
ed to determination of the Curie temperature ( T C = 305 K @ 1 T) and
aturation magnetization ( M S = 70.8 emu/g). By comparing the experi-
ental saturation magnetization M S value with values reported in the

iterature for AlFe 2 B 2 and FeB it was determined that the phase frac-
ions of AlFe 2 B 2 , FeB, and Al-rich phases (non-magnetic) were 87%,
%, and 8% by weight respectively [4,5] . Heat capacity measurements
 Fig. 3 (b)) were performed in zero applied magnetic field using a Physi-
al Property Measurement System (PPMS, Quantum Design) in the tem-
erature range of 8 K < T < 325 K. 

The thermal conductivity of the sample was measured at 291 ± 2 K
sing TDTR within the six large grains whose orientations were pre-
iously determined by EBSD. A film of aluminum of ∼95 nm in thick-
ess was first sputter-deposited at room temperature onto the surface
f the polished sintered sample for 420 s (conditions: 30 W DC power;
 ×10 − 7 Torr vacuum) to act as the transducer for TDTR measurements.
 femtosecond laser was split into the pump and probe beams. The pump
eam was used to deposit heat on the sample surface and the probe beam
as used to detect the change of the thermal reflectance as heat was be-

ng conducted away from the surface by the sample. Both beams arrived
n the same position on the sample surface but at different times. The
hermal reflectance change as a function of the time delay between the
ump and probe beams was fitted through a thermal transport model,
rom which the thermal conductivity ( 𝜅) on the local grain orientation
as extracted using the density taken as 5.75 g/cm 

3 [8] and the heat ca-
acity ( C p ) value determined earlier. Details regarding the data fitting
rocedure for obtaining the thermal conductivity using the TDTR tech-
ique can be found in prior publications [12,13] . For each anisotropic
irection within the grain, as determined by EBSD, 5–8 measurements
ere conducted. The thermal conductivity along any given direction rel-
tive to the principle axes of the orthorhombic 1-2-2 structure can be
xpressed as follows: 

= 𝑙 2 1 𝜅𝑥 + 𝑙 2 2 𝜅𝑦 + 𝑙 2 3 𝜅𝑧 (1)

here l i is the direction cosine along the i th direction and 𝜅x , 𝜅y , 𝜅z are
he thermal conductivities along the principle axes of the lattice [14] .
ased on the determined thermal conductivity 𝜅 of the six randomly
riented chosen grains in the polished 1-2-2 sample and their direction
osines, the unknown’s 𝜅x , 𝜅y , 𝜅z were extracted using a pseudo-inverse
lgorithm as described in references [15–17] . 

The x-ray diffraction pattern ( Fig. 4 ) of the sintered sample overlaid
ith the reference diffraction Bragg peak data for AlFe 2 B 2 (shown in
reen) and FeB (shown in blue) contains diffraction peaks corresponding
rimarily to AlFe 2 B 2 ( a = 2.927(1) Å, b = 11.043(4) Å, c = 2.870(1) Å),
ith several low-intensity peaks associated with minor amounts of the
152 
l, Al 13 Fe 4 , and FeB phases. The significant breadth of x-ray diffraction
eaks is attributed to disordering and surface roughness from the sinter-
ng process since the sample was not polished prior to x-ray diffraction
easurements. The Al: Fe atomic ratio within this sample was confirmed

s ∼ 1:2 consistent with that expected for the 1-2-2 phase. 
The heat capacity ( C p ) of AlFe 2 B 2 was found to increase with increas-

ng temperature from 8 K to 325 K with a peak observed in the vicinity
f the magnetic phase transition ( T C ∼ 290 K) that reached a maximum
 p of 123 J/mol-K. This C p peak has a magnitude ∼ 15% larger than the
aseline C p value in its vicinity with a width of ∼ 15–20 K. The ther-
al conductivities ( 𝜅) for the six largest grains (G1–G6) of AlFe 2 B 2 in

he characterized region ( Fig. 2 ), along with their direction cosines, are
rovided in Table 1 . 

The thermal conductivity ( 𝜅) of grains G1 through G6, along
ith the crystallographic orientations of these grains, allows deter-
ination of the anisotropic thermal conductivity values of AlFe 2 B 2 :

x = 4.7 ± 0.1 W/mK, 𝜅y = 4.4 ± 0.1 W/mK, and 𝜅z = 6.8 ± 0.3 W/mK.
he magnitude of 𝜅 along the c -axis is over 40% larger than the val-
es measured along the a - and b -axes. The c -axis is normal to B–B
hains within the Fe–B layer of the crystal structure which could act as
n insulating barrier, thus inhibiting heat transfer, contributing to the
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Table 1 

The measured thermal conductivity of the six grains G1 to G6 along with their positions, Euler angles, and 
direction cosines used to determine the thermal conductivity along all three crystallographic directions. 

Grain Position (μm) Euler Angle (Bunge’s 
convention) 

Direction cosines relative to the 
principal crystallographic axes 

Thermal conductivity 
(W/m-K) 

G1 (320, 80) (202.7, 68.8, 333.0) [ − 0.4233 0.8307 0.3616] 4.4 ± 0.1 
G2 (440, 60) (181.0, 60.8, 359.6) [ − 0.0061 0.8729 0.4879] 3.8 ± 0.2 
G3 (520, 40) (152.5, 101.8, 214.4) [ − 0.5530 − 0.8077 − 0.2045] 6.3 ± 0.2 
G4 (150, 250) (1.1, 89.0, 191.5) [ − 0.1993 − 0.9798 0.0175] 4.1 ± 0.2 
G5 (460, 200) (169.4, 135.4, 198.0) [ − 0.2170 − 0.6678 − 0.7120] 6.4 ± 0.2 
G6 (530, 260) (177.8, 61.1, 72.5) [0.8349 0.2633 0.4833] 4.5 ± 0.1 

Table 2 

Transition temperature ( T t ), heat capacity ( C p ), and thermal conductivity ( 𝜅) for AlFe 2 B 2 
and other candidates for near-room-temperature magnetic cooling. 

Material T t (K) Cp (J/mol-K) 𝜅 (W/m-K) Reference 

AlFe 2 B 2 280–310 123 6.8 [9] 
FeRh 360–400 90 6.1 (AFM); 9.3 (FM) [19–21] 
Gd 295 52–100 10 [2,22,23] 
Gd 5 (Si,Ge) 4 276–335 90 6 [2,23,24] 
La(Fe,Si) 13 287–356 900 10–15 [2,22,23,25,26] 
Mn–Fe–As–P 260–318 300 2 [2,23,27] 
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nisotropic thermal behavior observed. Further, the enhanced thermal
onductivity direction is perpendicular to the easy axis of magnetization
 a -axis) [6] . The isotropic thermal conductivity based on 𝜅x 𝜅y and 𝜅z 

 Eq. [1] ) is determined as 5.2 W/mK ± 0.3. 
These attributes impact contemplation of AlFe 2 B 2 -based materials

s working materials in near-room-temperature thermal energy man-
gement devices, including magnetic refrigeration devices. An efficient
hermal regenerator should transfer heat from the interior of a region to
he heat transfer fluid at a sufficiently high rate as well as minimize heat
ransfer radiating away from the intended path of heat transfer. Thus an
deal regenerator material should possess a significantly larger thermal
onductivity in the direction of the heat transfer fluid’s path and low
hermal conductivity in the transverse direction [18] . Our results indi-
ate that, if properly textured and/or aligned, AlFe 2 B 2 may be used to
ptimize the heat transfer efficiency of a potential cooling device. 

The heat capacity ( C p ) determined for AlFe 2 B 2 is found to be com-
arable with those of other materials under consideration as room tem-
erature magnetocaloric materials, such as FeRh, Gd, and Gd 5 (Si,Ge) 4 ,
ith values listed in Table 2 . The measured AlFe 2 B 2 C p is substantially

ower than that reported for the La(Fe,Si) 13 and (Mn,Fe)P systems, an
spect that is beneficial from a heat removal standpoint. An additional
onsideration for near-room-temperature thermal property assessment
s the magnitude of the C p peak in the vicinity of T c when the mag-
etic transition is near room temperature. The magnitude of the C p peak
or AlFe 2 B 2 (123 J/mol-K) is on the order of 15% of the baseline value
103 J/mol-K) at temperatures above and below the peak, which is sim-
lar to Gd and significantly smaller than observed in FeRh, Gd 5 (Si,Ge) 4 ,
a(Fe,Si) 13 and (Mn,Fe)P systems where the C p peak is twice as large as
he baseline [19,22,23] . 

The measured AlFe 2 B 2 thermal conductivity ( 𝜅) near room tempera-
ure is comparable to the values that characterize FeRh, Gd, Gd 5 (Si,Ge) 4 ,
nd La(Fe,Si) 13 and is once again significantly larger that reported for
he (Mn,Fe)P system. Note that the peak in C p may manifest itself in
he thermal conductivity and/or thermal diffusivity as noted by Fujieda
t al. when calculated near T c [23] . In the case of the measurement
esults presented in this work the small magnitude of the peak in C p 

eported above reduces the potential deviations in 𝜅 near room temper-
ture for AlFe 2 B 2 due to the T c . The C p peak value (123 J/mol-K) was
sed for 𝜅 calculations, which provides a conservative estimate of 𝜅 in
he vicinity of T C . Typically in the AlFe 2 B 2 system the specific heat ( C p )
eak appears ∼10–15 K below T C (305 K) and the width of this peak
s only ∼15–20 K, therefore for near-room-temperature applications 𝜅
153 
ay be up to 15% larger when above and below T c making AlFe 2 B 2 
ven more competitive with other thermal management materials. 

In summary, investigation and comparison of the heat capacity and
hermal conductivity of AlFe 2 B 2 with other magnetocaloric materials
uch as FeRh, Gd, Gd 5 (Si,Ge) 4 La(Fe,Si) 13 and (Mn,Fe)(P,As) has identi-
ed it as a promising candidate material from a heat transfer perspective

or refrigeration and thermal management devices. The room temper-
ture anisotropic thermal conductivity observed: 𝜅x = 4.7 ± 0.1 W/mK,

y = 4.4 ± 0.1 W/mK, and 𝜅z = 6.8 ± 0.3 W/mK, which is 40% larger
long the c -axis, may be leveraged to enhance heat transfer when this
aterial is crystallographically-oriented prior to incorporation into a
evice. The low cost and abundance of the elemental constituents in
lFe 2 B 2 in combination with its comparable thermal properties rela-

ive to other magnetocaloric materials make this material of interest for
hermal management applications such as magnetic refrigeration and
nergy harvesting. 
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