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M A T E R I A L S  S C I E N C E

Achieving room-temperature brittle-to-ductile 
transition in ultrafine layered Fe-Al alloys
Lu-Lu Li1, Yanqing Su2, Irene J. Beyerlein2,3*, Wei-Zhong Han1*

Fe-Al compounds are of interest due to their combination of light weight, high strength, and wear and corrosion 
resistance, but new forms that are also ductile are needed for their widespread use. The challenge in developing 
Fe-Al compositions that are both lightweight and ductile lies in the intrinsic tradeoff between Al concentration 
and brittle-to-ductile transition temperature. Here, we show that a room-temperature, ductile-like response can 
be attained in a FeAl/FeAl2 layered composite. Transmission electron microscopy, nanomechanical testing, and 
ab initio calculations find a critical layer thickness on the order of 1 m, below which the FeAl2 layer homoge-
neously codeforms with the FeAl layer. The FeAl2 layer undergoes a fundamental change from multimodal, 
contained slip to unimodal slip that is aligned and fully transmitting across the FeAl/FeAl2 interface. Lightweight 
Fe-Al alloys with room-temperature, ductile-like responses can inspire new applications in reactor systems and 
other structural applications for extreme environments.

INTRODUCTION
A number of material structural applications in need of lightweight 
materials, which can withstand large deformations without crack-
ing, are growing rapidly as energy and fuel efficiency become para-
mount. Fe-Al alloys have the perfect combination of light weight, 
high strength, wear resistance, and corrosion resistance (1–3), 
making them a leading candidate for bulk structures and protective 
coatings for service in extreme environments (4, 5). For instance, 
there is interest in using Fe-Al alloys as an effective transition layer 
to reduce the thermal mismatch between the stainless steel substrate 
and Al2O3 coating in tritium storage (6). However, the lighter weight 
(Al-rich) compositions of Fe-Al alloys are disappointingly brittle at 
room temperature and susceptible to premature failure (7–9).

The roadblock in using Fe-Al alloys lies in the intrinsic tradeoff 
between increasing Al concentrations and increasing the brittle-to-
ductile transition (BDT) temperature. For the heavier, Fe-Al alloys 
located in the Al-poor part [far less than 50 atomic % (at %) Al) of 
the binary Fe-Al phase diagram, the BDT temperature lies around 
200°C (10). As the Al concentration increases further, the BDT tem-
perature increases (11), until an Al concentration of 40 at %, when 
it jumps sharply, reaches to 800°C (12, 13), a temperature far ex-
ceeding that which could be practically used in service.

The Al-rich Fe-Al phases, like FeAl2, Fe2Al5, and FeAl3 (14), are 
intermetallics that are intrinsically brittle at room temperature (15) 
and hence partly responsible for the embrittlement of Al-rich Fe-Al 
alloys. Hardness and mechanical testing find that their individual 
fracture toughness values are similar to those of ceramics and glasses 
(9). These phases have a low-symmetry crystal structure, rendering 
them highly anisotropic and lacking a sufficient number of pre-
ferred, easy slip modes to plastically respond uniformly in all crys-
tallographic directions. Exact data on the individual BDT temperatures 
of FeAl2, Fe2Al5, and FeAl3 are currently lacking, but generally, it 

lies above 800°C. Unlike the intermetallic Al-rich, Fe-Al phases, the 
Al-poor phase, FeAl, exhibits relatively ductile failure. It has a 
B2-ordered structure, and its primary slip mode is (110)⟨111⟩ (13), 
which is similar to the preferred slip mode in ductile body-centered 
cubic (BCC) metals, like Fe.

One approach to improving the mechanical properties of Fe-Al 
alloys is to “complicate” their internal microstructure by introduc-
ing a high density of biphase interfaces (16–21). Deformation re-
sponse is highly sensitive to the modes of dislocation slip activated 
within the crystals when strained. Several studies have shown that 
biphase interfaces in nanolaminated metals can act as sources or 
sinks for dislocations and through specific interactions with other 
dislocations and defects, like twins and vacancies, radically improve 
material mechanical and radiation properties (22–30). Nanolayering, 
wherein the spacing between adjacent biphase interfaces are on the 
order of 1 m or less, has led to 5- to 10-fold increases in room-
temperature strength, especially when the spacing decreases to the 
nanoscale (<200 nm) (16–30). However, these boosts in strength are 
often accompanied by decreases in ductility, toughness, or strains to 
failure. Nanolayered, two-phase FeAl/FeAl2 composites have been 
studied at elevated temperatures, but in this case, the FeAl2 phase 
creeps (31). To form a nanolayered Fe-Al system with an even higher 
density of biphase interfaces, stacks of multiple Fe/FeAl alloy foils 
were sintered (32). While high, room-temperature strength was 
achieved, the Fe/FeAl interfaces between the foils eventually de-
laminated under further deformation (32).

In this study, we fabricate a lightweight, eutectoid Fe-Al alloy 
with alternating FeAl/FeAl2 layers with individual layer thicknesses 
ranging from 2.5 m to 259 nm. We show that room-temperature, 
ductile-like behavior can be attained at the submicron layer thick-
nesses. Below a critical bilayer thickness of 1 m, the mechanical 
response of the FeAl2 phase drastically alters from typical localized, 
unstable cracking to homogeneous and stable flow. With a combina-
tion of nanomechanical testing, transmission electron microscopy 
(TEM), and ab initio calculations, we show that the transformation 
can be tied to fundamental change in slip pattern of the FeAl2 phase 
from multimodal, fully contained slip to unimodal slip that is 
aligned and transmitting across the FeAl/FeAl2 interface. The con-
ducted slip system that the nanophase FeAl2 adopts is identified as 
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an unusually hard system and not the same as those activated in 
coarser FeAl2. This finding suggests there are many interesting and 
fundamental aspects in interface-dominant intermetallic/metallic 
interfaces to explore. From a technological viewpoint, an Al-rich, 
lightweight FeAl with room-temperature, ductile-like response opens 
up new applications for these alloys as loading bearing structures in 
extreme environments.

RESULTS
Layer structures and indentation
We made eutectoid FeAl/FeAl2 layered material with five different 
bilayer thicknesses, t = 2.5 m, 2 m, 1.5 m, 1 m, 500 nm, and 
259 nm. Figure 1 shows the phase diagram of Fe-Al alloy and the 
morphology of a partially lamellar and a fully lamellar region for the 
case in which the bilayer thickness t is 1 m. The microstructure 
consists of regularly alternating FeAl and FeAl2 layers. The FeAl 
phase has a B2 structure, while the FeAl2 phase has a triclinic structure 
(Fig. 1D) (33–35). Figure 1E provides a closer view of the layered 
FeAl/FeAl2 region as a bright-field TEM image. The FeAl/FeAl2 
interfaces are planar at this nanometer scale and some pre-existing 
dislocations can be seen lying within the relatively thicker FeAl2 
layers. We used TEM to identify the orientation relationship of the inter-
face in the FeAl/FeAl2 layered material (Fig. 1F). As labeled in Fig. 1F, 
the FeAl/FeAl2 interface has an interface plane of (11​​ ̄  3​​)FeAl2//(101)FeAl. 
The interface plane corresponds to a slip plane in the FeAl phase, sug-
gesting that the interface could be prone to interfacial sliding.

We perform Micro Vickers indentation tests at room tempera-
ture using relatively high loads to impose sufficiently large strains 
on layered FeAl/FeAl2 material of all thicknesses t to determine 
whether the failure behavior would be ductile like or brittle like. 
Figure 2 compares their indentation response with that of single-
phase (nonlayered) FeAl2. Despite sharing the same eutectoid com-
position, the responses of the layered materials change from brittle 
to ductile like as t reduces below 1 m. Crack formation in the 
thicker layered sample (t > 2 m) results from the limited amount of 
mobile dislocations in carrying plasticity needed to accommodate 
the applied strain (27–30). The finest layer of 259 nm exhibits a fully 
ductile-like response at room temperature. Several repeated tests on 
the 259-nm eutectoid FeAl/FeAl2 material find the same ductile-like 
response. This same material also achieves the highest hardness. As 
indicated in Fig. 2, as t decreases, the hardness of the layered eutectoid 
FeAl/FeAl2 at first deceases, but then increases. On the basis of these 
initial tests, this finest material is already showing signatures of 
simultaneous high strength and toughness.

To understand how the BDT happened, basic deformation prop-
erties of the individual phases, FeAl and FeAl2, are studied first. 
Nanoindentation, which imposes light compressive loads and creates 
only 1-m imprints, is made in areas that are either fully FeAl or 
FeAl2 (fig. S1A). With relatively small loads and shallow indentation 
depths, the FeAl and FeAl2 phases do not show a notable difference 
in deformation response (fig. S1B). From these nanoindentation 
tests, the hardness and Young’s modulus values are extracted. As 
shown in fig. S1C, these properties are nearly the same for these two 

Fig. 1. The morphology and structure of FeAl and FeAl2. (A) Binary Fe-Al phase diagram (10, 14). The red dotted line indicates the alloy composition in this work. 
(B) Typical scanning electron microscope (SEM) micrographs of the FeAl alloy with both FeAl and FeAl2 phases. (C) Typical SEM image of the FeAl alloy with a layered 
morphology in which the bright phase is FeAl2 and the dark phase is FeAl. The thickness is defined as the total thickness of one layer of FeAl and one layer of FeAl2 (as 
marked in the figure). (D) Crystal structures of FeAl and FeAl2. (E) Typical TEM micrographs of the layered FeAl/FeAl2 alloy. (F) The selected-area electron diffraction pattern 
of the layered FeAl/FeAl2 alloy showing that it has an interface orientation relationship of [​​ ̄ 1​​10]FeAl2//[​​ ̄ 1​​11]FeAl and (11​​ ̄ 3​​)FeAl2//(101)FeAl.
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phases, with the FeAl2 phase showing a slightly higher hardness 
than the FeAl phase. The Young’s modulus of these two phases is 
both close to 200 GPa. These tests were repeated at the FeAl/FeAl2 
interface, wherein the nanoindentation imprint spans both materials. 
The Young’s modulus of the interface region was similar to that of 
its adjoining materials, and the hardness of interface lies in between 
the hardness of these two phases.

Deformation structures in single-phase FeAl and FeAl2
Next, we studied the indentation deformation response of the FeAl 
material alone, which is expected to be ductile. As mentioned, the 
FeAl phase has a B2 crystal structure and 12 {110}⟨111⟩ slip systems 
available for plastic deformation similar to metals with a BCC crystal 
structure. We cut thin foils for TEM analysis from the Micro Vickers 
indentation tests using a focused ion beam (FIB) lifting technique, 
as illustrated in fig. S2A, to determine the slip patterns resulting 
from the deformation. From the bright- and dark-field TEM images 
in fig. S2B, we find that the B2 FeAl phase exhibits undeniable signs 
of ductile-like behavior. The deformation microstructures after inden-
tion are homogeneous, with no localized slip bands and no cracks.

Using the same procedure, the response of single-phase FeAl2 is 
examined. Plastic straining in this Al-rich alloy is known to be limited 
and its failure is brittle like. Figure S3 (A and B) shows the scanning 
electron microscope (SEM) analyses of the indentation deformation 
in single-phase FeAl2. A crack has propagated across the indentation 
with a shear offset of 629 nm. In another region, cracks have not only 
formed but many shear faults are also produced at the edge of the 
indentation (fig. S3B). The deformation of single-phase FeAl2 is brittle, 
unlike the FeAl phase and the ultrafine layered composite seen in Fig. 2.

Under the SEM imaging conditions in fig. S2C, there are no signs 
of shear deformation accompanying the fracture of the FeAl2 phase. 

To identify any microscopic plastic deformation mechanisms that 
may have preceded cracking and occurred at a finer scale than can 
be accessed via SEM, we performed TEM analysis in areas both dis-
tant from the crack, where plasticity may have developed, and 
immediately surrounding the crack. Figure S2 (D to F) shows TEM 
images of those regions marked D and E, far to the left of the crack. 
The TEM analysis exposes evidence of heterogeneous plastic defor-
mation in the form of highly localized slip bands on specific crystal-
lographic slip planes (​1​ ̄  5​3​), (​​ ̄  1​13​), (​0​ ̄  4​6​), and (​2​ ̄  6​0​). The slip direction 
within these planes cannot be determined. In region E in fig. S2C, 
plastic strain is localized specifically on the (​0​ ̄  4​6​) and the (​2​ ̄  6​0​) 
planes, as marked in fig. S2E. In region F at the crack, close inspec-
tion reveals several tiny shear offsets on the left side of the crack, 
which have been produced by the slip bands along the (​​ ̄  1​13​) plane.

The foregoing analysis establishes that at room temperature, the 
FeAl phase and FeAl2 phase are markedly distinct in their indention 
failure behavior, with the FeAl phase being plastically soft with 
desirable homogeneous, uniform deformation and the FeAl2 phase 
being plastically limited, localizing strain rapidly and nonuniformly 
and ultimately cracking.

Deformation structures in layered FeAl/FeAl2
Using both SEM and TEM to analyze the deformation processes 
under the indenters, such as those shown in Fig. 2, we proceed to 
study the failure behavior of the eutectoid lamellar FeAl/FeAl2 
material. As seen in Fig. 2B, indentation testing of the coarsest layered 
FeAl/FeAl2 material made (with t = 2.5 m) results in cracking. While 
cracking is not as extensive as in the single-phase FeAl2 sample, its 
failure can still be considered brittle like. As marked in fig. S3C, the 
loading has induced a relatively small crack across the FeAl2 layer. 
Unlike the single-phase FeAl2, the crack is, however, fully contained 

Fig. 2. Comparison of indentations. (A) Typical SEM micrographs of the indentation site in single-phase FeAl2. (B to F) Typical SEM micrographs of the indentations in 
the layered FeAl/FeAl2 with an average phase thicknesses of 2.5 m, 1.5 m, 1 m, 500 nm, and 259 nm. The hardness is also labeled in the figure. HV is the unit for the 
Vickers hardness. 
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in the FeAl2 layer, and it is obstructed from propagating further 
by the adjacent ductile FeAl layers. The cracking occurs in favor of 
plasticity because of the difficulty in activating dislocation sources 
and moving dislocations within FeAl2 (27–30). The ductile FeAl 
phase has experienced straining under indentation, while no such 
deformation other than cracking is evident in FeAl2. This eutectoid 
composite exhibits a failure response that is, therefore, a composite 
of the individual responses of its constituents, wherein each phase 
acts the same as if it were deforming alone. The imposed strains are 
accommodated mostly by the ductile FeAl phase.

As seen in Fig. 2 (C to F), for the eutectoid FeAl/FeAl2 alloys with 
an average bilayer thickness of 2 m and below, indentation loads 
were not accommodated by cracking. Figure 3 shows the indenta-
tion deformation behavior of the t = 2 m layered material. After 
indentation, both the FeAl and FeAl2 layers deform plastically with 
no cracking, as shown in Fig. 3A. Figure 3 (B to F) displays the 
deformation microstructures that typically form underneath the 
indentation. Several widely spaced, crystallographically distinct slip 
bands developed in the FeAl2 layers, along the (312), (1​​ ̄  2​​3), (213), 
(114), and (221) planes, as marked in Fig. 3. The slip planes of these 
bands are different from those seen in single-phase FeAl2. The 
density of slip bands in the FeAl2 phase is high and plastic flow is 
inhomogeneous relative to the FeAl phase, which has developed no 
bands. The adjoining ductile FeAl layers have blunted and stopped 
these FeAl2 slip bands from propagating a similar slip band across 
it. Semicircular dark strain contrasts arise in the FeAl layer, as 
marked by black arrows in Fig. 3E, as a result of the stress concen-
trations, where the slip bands in FeAl2 meet the FeAl/FeAl2 inter-
face. The FeAl phase with its many available easy slip systems within 
the {110}⟨111⟩ slip mode has diffused these stress concentrations. 
Unlike the FeAl2 phase, dense delocalized dislocation structures can 
be seen inside the FeAl layers, in Fig. 3 (B and E), a sign of homoge-

neous deformation. Evidently, as the layer thickness decreases, the 
higher interface/volume ratio increases, leading to statistically more 
interfacial sites for dislocation nucleation (27–30). With more 
plasticity from mobile dislocations acting on more slip planes, the 
intensities of stress concentrations in FeAl2 are softened, reducing 
the driving forces for FeAl2 cracking.

In some regions, the deformation behavior of FeAl and FeAl2 was 
not so dissimilar. Figure 3F highlights a likely slip transmission 
event from the FeAl2 to the FeAl layers, as marked by the white 
arrows. The slip localization starts in the FeAl2 layer, stops at the 
FeAl/FeAl2 interface, and triggers slip in the FeAl layers, as marked 
in Fig. 3F. Once the shear from FeAl2 transfers through the inter-
face, the localized strain is dispersed by the ductile FeAl layer, and 
only a few diffused slip lines remain, as labeled in Fig. 3F. The scat-
tering of localized strain in the FeAl2 phase by slip transmission 
across the FeAl/FeAl2 interface appears to be the key to thwarting 
strain localization in layered Fe-Al alloy. However, this behavior is 
not dominant across the material.

When reducing the layer thickness from t = 2 m to t = 1.5 m 
in the layered FeAl/FeAl2 alloy, plastic deformation in the FeAl2 lay-
ers occurs by comparatively more distributed slip, wherein the slip 
bands are less intense and more closely spaced, as shown in Fig. 4A. 
Yet still, as in the t = 2 m layered material, these bands develop on 
several crystallographically distinct planes. Figure 4 (A to C) dis-
plays the deformation microstructures with these bands marked 
underneath the indentation. We characterized these slip band crystal-
lographic planes as (1​​ ̄  1​​1), (20​​ ̄  1​​), (012), and (213), which are notably 
different from those observed in the t = 2 m and t = 2.5 m layered 
materials. The adjoining FeAl layers have blocked and dispersed 
the localized strain from these bands in FeAl2 layers, as shown 
by the strain contrasts at the interface in Fig. 4 (A and C). Even in 
some regions, the shear strain has localized along some preferential 

Fig. 3. Deformation of layered FeAl/FeAl2 (t = 2 m). (A) SEM micrographs of an indentation on layered FeAl/FeAl2 with an average thickness of 2 m. (B to D) Typical 
TEM micrographs showing the character of the slip bands in the FeAl2 phase. (E) Stress concentration induced–contrast at the interface in the FeAl layer. (F) Slip transmission 
pathway across the FeAl/FeAl2 interface.

 on O
ctober 13, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Li et al., Sci. Adv. 2020; 6 : eabb6658     23 September 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 9

crystallographic planes. TEM analysis of the interface in Fig. 4B indi-
cates that the FeAl phase layers have accommodated the localized strain 
generated by the FeAl2 slip bands, by permitting short slip steps to protrude 
at the interface into the FeAl. Here, crack nucleation has been avoided.

Codeformation in ultrafine layered FeAl/FeAl2
As shown in Fig. 2 (C to D), the indentation surfaces for the layered 
Fe-Al alloy with an average layer thickness below 1 m are smooth 
and bear no cracks. Figure 4D shows a low magnification of the de-
formed layer structures underneath the indentation of the 500-nm 
case. Signatures of codeformation between the FeAl and FeAl2 layers 
become prominent. Codeformation means that both layers are 
accommodating deformation similarly and homogeneously. While 
the layers near the center of the indentation imprint are bent, the 
interfaces within this deformed region still maintain their original 
orientation relationship, and slip bands still cannot cut across the 
FeAl/FeAl2 layers so easily. TEM analyses in Fig. 4 (E and F) provide 
more details on the substructures produced within the FeAl and FeAl2 
layers. Two major slip band variants have formed within the FeAl2 
layers. These two types of slip bands interact an angle of 75°, form-

ing a crisscross configuration, as marked in Fig. 4F. This duplex slip 
pattern is well recognized for accommodating multidirectional 
straining and avoiding cracking (36). These slip bands are found to 
occur on the (101), (12​​ ̄  3​​), and (2​​ ̄  1​​4) slip planes. The (101)[111] slip 
system, which is similar crystallographically to the preferred slip 
mode in the FeAl phase, appears prominent in the FeAl2 phase at 
this finer layer thickness and was not observed at the larger layer 
thicknesses. The spacing and intensity of these slip bands in the 
t = 500 nm sample are much smaller and weaker, respectively, than 
those in samples with larger layer thicknesses t = 2 and 1.5 m 
(Figs. 3 and 4, A to C), indicating more homogeneous plasticity. We 
observe a series of tiny shear steps form along the interface, as marked 
by the black arrows in Fig. 4E. In some locations, the slip bands 
almost penetrate the ductile FeAl layers, as marked in Fig. 4E, but 
nonetheless, no cracks are produced from these protrusions.

The Fe-Al alloy with the finest average layer thickness of t = 259 nm 
exhibits room-temperature, ductile-like behavior. Unlike the thicker 
layered samples, prevalent homogenous plastic deformation occurs 
in both phases for this material. Signatures of homogeneous defor-
mation manifest by the formation of a high density of weak slip bands 

Fig. 4. Deformation of layered FeAl/FeAl2 (t = 1.5 m, 500 nm, and 259 nm). (A to C) TEM micrographs displaying the deformation microstructures underneath the 
indentation on a layered FeAl/FeAl2 with an average layer thickness of 1.5 m. (D to F) TEM micrographs of the microstructures formed beneath the indentation on a 
layered FeAl/FeAl2 with an average layer thickness of 500 nm; slip localization and shear of the interface were identified. (G to I) TEM micrographs showing the deforma-
tion microstructures underneath the indentation on a layered FeAl/FeAl2 with an average thickness of 259 nm. Slip bands have developed across many alternating 
FeAl/FeAl2 layers.
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with different orientations across layers, as shown in Fig. 4 (G to I). 
Figure 4G shows the corresponding indentation morphology. The 
layers have codeformed in plastic flow, permitting both phases to 
refine to even thinner thicknesses. No cracks can be identified 
around the indentation print. Figure 4G displays the dislocation 
substructures underneath the indenter. The FeAl and FeAl2 layers 
still can be identified; however, these layers have been frequently 
sheared by two slip band variants, forming shear offsets, as indicated 
by the white arrows in Fig. 4G. Figure 4 (H and I) shows that the slip 
bands in the FeAl layers have developed mainly on the (110) and 
(101) planes, which are the major slip planes in the B2 FeAl phase. 
In the FeAl2 layers, however, development of intense slip bands 
appears to have been suppressed. Observations of shear offsets at 
the interface and at the points of intersection of these two slip bands, 
as marked in Fig. 4I, suggest that the slip bands have frequently 
transmitted across the layers. Thus, enhanced slip transmission 
across the interface thwarted the slip bands from localizing and in-
tensifying in the FeAl2 layers. With the slip transmission induced in 
the finest layers, FeAl2 codeformed with the ductile FeAl. This 
coplastic deformation between the FeAl and FeAl2 layers is the key 
to realizing homogeneous plasticity and ductile-like failure behavior 
at room temperature in the normally brittle Fe-Al alloys.

Micropillar compression
To further test for the deformation ability of FeAl/FeAl2 interfaces, 
micropillars were fabricated from a lamellar crystal in the material 
and tested in compression. Under nanoindentation of these pillars, 
the composite crystals deform by interfacial sliding, causing the in-
dividual layers to slide and protrude out into the free surface of the 
pillar. The micropillar compression test was repeated for different 
layer thicknesses (t = 1 m to 500 nm) and compression-axis/layer 
orientation relationships, and in all cases, failure under the com-
pressive load occurs by interfacial sliding. Figure 5 presents the de-
formed micropillars and the corresponding compressive stress-strain 
curves. The three micropillars display similar elastic to plastic tran-
sition behavior, but different levels of strain burst in the fully plastic 
region that follows. After compression, the morphologies of deformed 
pillars were examined by SEM. As demonstrated in Fig. 5 (B, D, and F), 
all plastic deformation takes place along the FeAl/FeAl2 interfaces, 
as indicated by the slip offset formed on the surface of pillar. By 
measuring the angle between loading axis and the interface, the 
room-temperature critical resolved shear stress along the FeAl/
FeAl2 interface is estimated as 350 MPa. The easy glide of the FeAl/
FeAl2 interface provides another deformation path in the indenta-
tion deformation of the layered FeAl/FeAl2 alloy, as demonstrated 
in fig. S3D. In the polycrystalline material, such runaway interfacial 
sliding would be constrained by the colony boundaries. The results 
here identify the (11​​ ̄  3​​)FeAl2//(101)FeAl  interface as a pseudo-slip sys-
tem, which could act as an additional deformation mechanism that 
is more favorable than cracking.

DISCUSSION
Generalized stacking fault energy curves for the (101)
⟨111⟩ system in FeAl and FeAl2
We performed density functional theory (DFT) calculations simu-
lations to understand the energetics associated with shearing the 
{110} planes in these two materials. It is observed in TEM that while 
dislocations predominantly glide in {110} plane in FeAl, they only 

glide on this plane in FeAl2 when the bilayer thickness t becomes 
sufficiently fine. Figure 6 shows computed generalized stacking 
fault energies (GSFE) curves associated with shear displacements in 
the {110}⟨111⟩ glide system in FeAl and FeAl2. For both the FeAl 
and FeAl2 phases, two cases are shown, one in which the simulation 
cell is driven to shear along the [111] direction but constrained to 
deform in the transverse direction (denoted as UR, unrelaxed), and 
the other when the constraint was lifted, allowing for it (denoted 
as R, relaxed) (37). Any differences in the energies are indicative of 
additional atomic shuffling (38, 39). A local minimum in the GSFE 
is attained at a shear displacement a0[111]/2 in FeAl. The relaxed 
curve, however, achieves a much lower potential energy overall, 
particularly at the local minimum, indicating that local atomic shuf-
fling apart from the displacements along the slip direction is needed 
to accomplish the deformation. For FeAl2, the same effect of relax-
ation is seen, also suggesting deformation by shear plus atomic 
shuffling. The reduction due to relaxation is more substantial in 
FeAl2 than in FeAl. We can, therefore, expect that the shearing 
mechanism in this plane in FeAl2 is much more complicated than 
the conventional picture of slip and would require relatively high 
stresses and aid of thermal energy for glide to be activated.

For FeAl, the {110}⟨111⟩ is the only system on which glide is 
seen experimentally for all layer thicknesses, and in simulation, the 
potential to shear this plane is five to six times lower than on FeAl2. 
The substantially higher energies in the FeAl2 phase suggest that de-
formation along the {110}⟨111⟩ glide system is unpreferred. This result 
is consistent with the finding that, apart from the 259-nm layered 
material, several other slip systems were used in the deformation of 
both single-phase FeAl2 and the layered FeAl/FeAl2 material.

It is likely that this very hard slip system is observed in TEM 
within the FeAl2 crystals in the t = 259 nm case because the strong 
confinement imposed by the fine nanoscale dimensions on the 
dislocations hindered proliferating slip by gliding dislocations on 
multiple distinct planes. Under the nanoscale confinement, propagat-
ing slip becomes easier to achieve by transmitting slip across several 
adjacent crystals on the same slip system. The glide system of choice 
for slip transmission across the interface is the {110}⟨111⟩ system, 
the one shared by both crystals and, hence, provides a geometrically 
undisrupted slip pathway across the interface. The notion of nanoscale 
confinement suggests that there would exist a critical layer thickness 
below which slip transmission across the {110}⟨111⟩ system becomes 
favored and is determined by a subtle competition between multiple 
easy slip systems in the large crystal versus slip transmission involving 
a hard system in a nanocrystal. As we have seen here experimentally, 
attaining conditions for slip transmission leads to an unusual state 
of codeformation between the two phases and homogeneous, less 
catastrophic failure.

Synergy effects of the biphase interface on the BDT 
temperature of Fe-Al alloys
The FeAl/FeAl2 interface plays a central role in mediating the BDT 
of Fe-Al alloy, as summarized in fig. S4, primarily by altering the 
failure behavior of the FeAl2 layer. Alone, the FeAl2 phase is brittle 
at room temperature and susceptible to strain localization followed 
by cracking (fig. S4A). By introducing FeAl/FeAl2 interfaces, the 
FeAl2 phase still maintains the tendency for strain localization 
and cracking, but they can be suppressed from propagating by the 
FeAl/FeAl2 interfaces. Similar to other brittle/ductile layered materials 
systems, such as Al/TiN, plastic deformation starts in the ductile 
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layers (30). As the moving dislocations in the ductile layers accumu-
late at the interface, their local stress fields will affect how deforma-
tion proceeds in the brittle one. This interface-enabled plasticity 
increases as the layer thickness decreases (30). With finer layer 
thicknesses, the FeAl/FeAl2 interfaces can suppress cracking and 
occasionally block propagation of some of the intense slip bands 
formed in the FeAl2 layer (fig. S4B). These mechanisms manifest by 
the formation of strain contrast at the interface in the FeAl layer 
(Fig. 3E), reducing the number of localized slip bands after passing 
the FeAl/FeAl2 interface (Fig. 3F), producing short shear offsets 

along the FeAl/FeAl2 interface (Fig. 4, B and E). When the layers’ 
thicknesses reduce below 500 nm, plastic strain in the individual 
layers become delocalized, marked by weaker, more finely spaced 
slip bands. Another notable difference is the formation of two ma-
jor variants of slip bands along the {110} crystallographic planes in 
both phases. Apparently, the interfaces force the brittle FeAl2 layer to 
codeform with the ductile FeAl layers along the most close-packed 
crystallographic slip systems of FeAl (30). Apart from stopping and 
dispersing the localized strain from the bands, the FeAl/FeAl2 inter-
face can also serve as an easy pseudo-slip system, which can provide 

Fig. 5. Deformation of layered FeAl/FeAl2 pillars. Typical SEM micrographs of the layered FeAl/FeAl2 pillars before (A, C, and E) and after (B, D, and F) compression. The 
three pillars in (A), (C), and (E) have different layer orientations relative to the loading axis. (G) Typical compressive stress-strain curves of the layered FeAl/FeAl2 pillars.

Fig. 6. GSFE curves of FeAl and FeAl2. (A) Unrelaxed (UR) and relaxed (R) generalized stacking fault energies (GSFE) curves in the B2-ordered FeAl calculated here. Also 
shown for comparison are the (UR) results based on prior ab initio calculations from Liu et al. (46) and Medvedeva et al. (47). (B) UR and R GSFE curves in FeAl2.
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a preferred deformation mechanism in addition to the slip in-
side layers.

In summary, we fabricate a layered eutectoid FeAl/FeAl2 alloys 
with differing individual layer thicknesses from microns to nano-
meters and study their failure behavior at room temperature. A 
transition from brittle to ductile is realized in a eutectoid layered 
structure with sufficiently fine layer thicknesses below 1 m. The 
nanoscale confinement enforced slip transmission on uncommon 
glide planes, enabling codeformation between an otherwise brittle 
FeAl2 and already ductile FeAl layer. The consequence is a transi-
tion away from strain localization in the form of intense bands and 
crack formation and toward homogeneous deformation and ductile-
like deformation at room temperature. These findings point to inter-
face engineering and are valuable and promising methods for markedly 
reducing the BDT temperature of lightweight intermetallics.

METHODS
Experimental details
The eutectoid Fe-Al alloy with alternative FeAl/FeAl2 layers was 
produced by arc melting of pure Al (99.99%) and Fe (99.99%) in a 
tube furnace. As marked in the phase diagram of Fe-Al binary alloy 
in Fig. 1A, the composition binary of this eutectoid alloy has an 
atomic ratio of Fe:Al = 39:61. An additional 2 weight % of Al is added 
before arc melting to avoid loss of Al during melting. After remelt-
ing several times, layered structures were produced. The thickness 
of the layers can be fine-tuned by the cooling rate, i.e., air cooling 
versus water quenching. The Fe-Al samples were cut into disks of 
dimensions 1  mm by 6  mm and polished following standard 
metallurgical procedures for microstructural observation and 
mechanical testing. Indentation and micropillar compression were 
carried out at room temperature. A load of 300 gf in the Micro 
Vickers hardness measurement is used for these tests. The nano
indentation and micropillar compression tests were performed using 
a Hysitron TI950 Triboindenter, while nanoindentation tests were 
performed using a Berkovich tip under a load of 5000 N for 5 s. 
The micropillar tests used a flat tip for applying compression under 
the displacement control mode with a strain rate of 5 × 10−3 s−1. The 
microstructures of Fe-Al alloy before and after deformation were 
characterized using a Hitachi SU6600 SEM equipped with energy-
dispersive x-ray spectrometer systems. The defect microstructures 
after deformation were investigated using a JEOL 2100F TEM. 
Micropillars were prepared using a Helios NanoLab DualBeam 
FIB. Deformation microstructures underneath the indentation were 
observed by cutting thin foils on an indentation print made via the 
FIB sample-lifting technique.

DFT calculation
DFT calculations were conducted via Vienna Ab-initio Simulation 
Package (VASP) (40). In DFT, based on the projector augmented-
wave method (41, 42), a pseudo-potential using a plane-wave basis 
with a cutoff energy of 439.857 eV was adopted. To approximate 
the exchange-correlation energy functional, the Perdew-Burke-
Ernzerhof formulation of the generalized gradient approximation 
was used (43). The conjugate gradient scheme was used for the 
electronic self-consistent loop. Convergence is reached when the 
total free-energy change between two sequential steps are smaller 
than 10−4 eV. The Brillouin zone was constructed by the Monkhorst-
Pack scheme (44), with a smearing width of 0.2 eV based on the 

Methfessel-Paxton smearing method (45). Spin-polarization is con-
sidered only for the Fe atoms, which are ferromagnetic.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/39/eabb6658/DC1
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