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Tim Gräning a,* , Deniz Ebeperi b , Ibrahim Karaman b, Ishtiaque Robin c ,  
Mobashera Saima Haque d , Akhil Kolanti d , David Sprouster d , Lance Snead d,  
Yutai Katoh a

a Material Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
b Department of Materials Science and Engineering, Texas A&M University, College Station, TX 77843, USA
c Pacific Northwest National Laboratory, Richland, WA 99354, USA
d Department of Materials Science and Chemical Engineering, Stony Brook University, Stony Brook, NY 11794, USA

A R T I C L E  I N F O

Keywords:
Additive manufacturing
Plasma-facing material
Vanadium
Functionally Graded Materials
Direct Energy Deposition
Fusion materials

A B S T R A C T

Vanadium alloys and FeCrAl were investigated as interlayers between tungsten and reduced activation ferritic 
martensitic steel for fusion system components to avoid formation of intermetallic phase at operating temper
atures between 550 and 1100 ◦C, while maintaining a body centered cubic phase throughout the interface. 
Physical and mechanical properties need to be graded between tungsten and steel, but recent results showed a 
significant hardness increase at the FeCrAl to vanadium alloy interface. Here, a sintered sample of these alloys 
was annealed for extended time, and the microstructure was investigated to provide a better understanding of the 
phenomena. A comparison with an additively manufactured interface of the same material is provided. An 
unexpected L21 intermetallic phase formation has been revealed using microscopy and synchrotron techniques 
and will inform future additive manufacturing approaches of the interface. A Cr layer interface as a preliminary 
solution was proposed between the Vanadium alloy and FeCrAl alloy interface.

1. Introduction

Tungsten is a promising candidate as the plasma facing material 
(PFM) in future fusion systems [1–3]. It can serve as an armor material, 
able to withstand the hazardous conditions inside current fusion power 
designs, including neutron irradiation and multiple million degrees 
Celsius in the plasma. These conditions result in high heat fluxes and 
transients at the first wall and divertor material. Tungsten exhibits 
excellent erosion resistance, high thermal conductivity, and moderate 
long-term neutron activation [4]. The PFM needs to be joined with 
structural materials like steel, while considering the large mismatch in 
the coefficient of thermal expansion (CTE; tungsten: 4.2 to 4.5 x 10-6 K− 1 

at room temperature (RT) [5–7], ferritic steel at RT: 14.8 x 10-6 K− 1 [8]). 

A direct or functionally graded joint between tungsten and reduced 
activation ferritic martensitic (RAFM) steel is possible using sintering, 
plasma spraying or additive manufacturing. However, the Fe-W binary 
phase diagram suggests that the interface is likely to form a significant 
amount of brittle intermetallic phases such as Fe2W or Fe7W6 during 
operation [9,10].

Previous thermodynamic simulations suggested an interlayer design 
transitioning from RAFM steel to FeCrAl, to VCrAl, to VCrTi (or pure V) 
and finally to tungsten to avoid brittle intermetallic phases across the 
interface. The simulation predicted the formation of a stable body- 
centered cubic lattice structure across the interlayers, within the tar
geted operating temperature regime of 550 ◦C and 1100 ◦C [11]. A spark 
plasma sintering (SPS) method of those interlayers was used to 
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manufacture a sample to investigate the formed interfaces, revealing a 
significant hardness and elastic modulus change at the FeCrAl to VCrAl 
interface [11]. This change of mechanical properties was previously 
attributed to vanadium carbide formation, as extensive XRD analysis did 
not detect any intermetallic phases across that interface.

To further investigate the phenomena, an in-depth microstructure 
characterization was performed at the VCrAl − FeCrAl interface of an 
annealed SPS sample. The objective is to elucidate the underlying cause 
of the previously reported abrupt change in mechanical properties at 
this interface. Additionally, the effects of similar property discontinu
ities in a laser-beam directed energy deposition (LB-DED) build are 
discussed. The insights gained will provide guidance and raise aware
ness to the community regarding the challenges of joining vanadium and 
iron alloys for fusion system applications.

2. Experimental procedures

Tungsten and VCrTi discs with a thickness of around 1 mm were 
bonded first at 1200 ◦C using 10 MPa and subsequently bond together 
with VCrAl, FeCrAl and RAFM at 1100 ◦C using 10 MPa with a holding 
time of five minutes. More details regarding the SPS manufacturing 
parameters using are described elsewhere [11]. This study focusses 
specifically on the FeCrAl to VCrAl interface. The chemical compositions 
of FeCrAl and VCrAl as determined by inductively coupled plasma mass 
spectroscopy (ICP-MS) and CNO analyzer are shown in Table 1 for the 
SPS and the additively manufactured sample.

The SPS sample was annealed at a targeted temperature of 620 ◦C for 
1000 h in an Ar-backfilled glass vial. This temperature was chosen to 
simulate the maximum operating temperature anticipated for the 
designed interface in a fusion power system. The diffusion parameters 
for this sample were recently reported [12]. Here, annealing helps to 
extend the diffusion distance, making the investigation easier.

To test the printability of this interface, LB-DED technique was 
chosen to fabricate multi-material systems. LB-DED excels for multi- 
material systems in comparison to other additive manufacturing (AM) 
techniques. Pre-alloyed FeCrAl and VCrAl rods were gas atomized to 
produce spherical powders (45-106um PSD) for LB-DED at Nanoval 
GmbH & Co. KG (Berlin, Germany). Deposition was performed using an 
Optomec LENS MR-7 powder-fed LB-DED system, equipped with an IPG 
Nd:YAG 1 kW continuous wave coaxial laser and four powder feeder 
chambers. The process was conducted under ultra-high purity (>99.995 
%) Ar atmosphere maintaining oxygen levels between 10–50 ppm. LB- 
DED processing parameters for both FeCrAl and VCrAl alloys were 
optimized following a comprehensive parameter optimization frame
work [13]. To fabricate the transition interface, the layer thickness (LT) 
of both alloy layers were determined based on single-track experiments 
and an LT criterion developed for LB-DED [14]. Four layers of FeCrAl 
with a layer thickness of 366 µm were deposited over eight layers of 
VCrAl with a layer thickness of 158 µm, resulting in a diffusion driven 
interface between the two materials. A laser power of 380 W, a scan 
speed of 5 and 9 mm/s, a powder feeder rotary speed of 2 and 4, and a 
hatch spacing of 650 and 428 µm were used for FeCrAl and VCrAl 
deposition, respectively.

The manufactured SPS and LB-DED samples were embedded and 
metallographically polished to a sub-micron finish. Subsequently, 
scanning electron microscopy (SEM) was performed using a MIRA 3 
SEM by TESCAN USA, Inc. equipped with an Oxford Symmetry EBSD 

detector using a probe current of around 4nA. EBSD data were collected 
at an accelerating voltage of 20 kV and beam current of 6nA with step 
sizes of 0.2 µm for all scans. For TEM sample preparation, two grains 
close to a (100) and (110) zone axis-orientated normal to the sample 
surface across the interface- were selected as a preferred lift-out loca
tion. Focused Ion Beam (FIB) preparation of a lamella of around 12 µm 
across the FeCrAl and VCrAl interface from the SPS sample was con
ducted and subsequently thinned to a thickness of around 120 nm in the 
regions of interest. TEM was performed using a FEI (now Thermo Fisher 
Scientific, Waltham, MA, USA) Talos F200X scanning transmission 
electron microscope operating at 200 kV. Energy dispersive X-ray 
spectroscopy (EDS) was used to map element distributions and observe 
chemical variations across the interfaces. Mappings were completed 
using a probe current of ~ 1nA and a probe size of less than 1 nm with 
active drift correction every 20 s. The spectrum images were recorded 
using a 1024 × 1024 pixels region with a 2px gaussian averaging filter 
applied during image post-processing. Atomic number, absorption, and 
fluorescence (ZAF) corrections were performed to extract atomic com
positions. Line scans were conducted on the raw data of mappings. An 
error value for scanning transmission electron microscopy (STEM) EDS 
values is assumed to be 3 percent, but the reader should be aware that 
the applied ZAF correction is an approximate correction method and 
that shadowing, absorption effects, sample thickness effects, and sta
tistical error in the background subtraction are possible. In addition, Al 
is sensitive to beam damage and can migrate or be sputtered during long 
STEM-EDS scans [15]. Nanoindentation testing was performed in a 
TESCAN MIRA3 SEM using a Nanomechanics InForce 1000 actuator 
with a diamond Berkovich tip with a step size of 2 µm focusing on the 
measurement of mechanical properties changes across the interface. 40 
indentations per x-position were recorded using NanoBlitz3D mapping 
software with more details on the method published elsewhere [11,16].

XRD measurements were performed at the National Synchrotron 
Light Source-II (NSLS-II) using the high-energy X-rays available at The 
Pair Distribution Function (PDF) beamline. All measurements were 
performed in transmission mode with an amorphous Silicon-based flat 
panel detector (Perken-Elmer) mounted orthogonal to and centered on 
the beam path. The sample-to-detector distances and tilts of the detector 
relative to the beam were refined using a LaB6 powder standard (NIST 
standard reference material 660c). The wavelength of the incident X- 
rays was 0.1665 Å (74.46 keV). The sample-to-detector distance was 
calculated to be 999.35 mm. 100 XRD patterns were collected and 
averaged with detector exposures of 0.1 s. Specimens were horizontally 
scanned across the different layers with a 300 µm step size. All raw two- 
dimensional patterns were corrected by subtracting a dark current 
image, and the air and Kapton scattering background within IgorPro 
(Wavemetrics) software [17]. Noticeable artefact regions of the detector 
(like the beam stop, dead pixels) were masked. The corrected and 
masked two-dimensional detector images were then radially integrated 
to obtain one-dimensional powder diffraction patterns.

The background subtracted XRD patterns were loaded into MATCH!3 
for phase identification and subsequently refined within the MAUD 
software package [18]. The instrument contribution to the broadening 
of the measured profiles was quantified by fitting the LaB6 NIST powder 
standard, with a known coherent grain size and negligible microstrain 
contribution. The Gaussian and Lorentzian-based broadening parame
ters were subsequently fixed during the analysis of the alloys under 
investigation to quantify the microstructure. The lattice parameters and 

Table 1 
Chemical composition of FeCrAl and VCrAl alloys used in this study in weight percentage.

Material Fe V Cr Al Ti O C

FeCrAl SPS Bal. − 10.46 ± 0.07 10.86 ± 0.18 0.11 ± 0.01 0.01 0.03
​ DED Bal. − 8.80 ± 0.07 7.38 ± 0.09 0.11 ± 0.01 0.003 −

VCrAl SPS − Bal. 11.24 ± 0.08 11.67 ± 0.19 0.09 ± 0.01 0.08 0.05
​ DED − Bal. 14.52 ± 0.25 7.17 ± 0.19 0.09 ± 0.01 0.12 −
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microstrain were refined for the Fe and V phases, with additional texture 
(arbitrary texture) included in the XRD refinements. Such inclusion 
prohibits phase fraction determination; however, the strength of the 
XRD peaks of the minor phases is sufficient to achieve a semi- 
quantification. The lattice parameters and coherent grain size were 
allowed to vary for the minor crystal phases present. A polynomial 
background was included in the refinements to capture the diffuse 
background.

3. Results

Fig. 1 displays a hardness and elastic modulus (E-Modulus) plot next 
to the SEM EDS map in atomic percentage (wt.%) of the major elements. 
The same x-position across the FeCrAl and VCrAl interface was used for 
both measurements. The nanoindentation mappings show the gradual 
increase in hardness and elastic modulus over 45 µm from FeCrAl side 
towards the VCrAl layer. The mechanical properties exhibit a sudden 
drop after reaching a maximum value at around 85 to 90 µm on the x- 
position. The hardness increases from around 5 to 8 GPa and then drops 
to the 5.5 GPa.

The E-Modulus over the same distance increases from 210 GPa in 
FeCrAl to 270 GPa at the 85-µm x-position and drops to around 200 GPa 
in the VCrAl material. The distance with a measurable mechanical 
properties increase spans from the 50 to 90-µm x-position, which co
incides with the diffusion area of Fe and V shown in the SEM-EDS line 
scan in Fig. 1b. A FIB lamella was extracted from the 78 to the 90 µm x- 
position and is highlighted by the gray area in Fig. 1 and as a black bar in 
the inverse pole figure (IPF) map in Fig. 2a. The left side of the IPF map 
in green with < 011 > grains represents the region of FeCrAl, and the 
right side < 111 > oriented grains represent VCrAl. The IPF map is 
evaluated in the direction of the FIB liftout and the chemical gradient 
(left to right/ x-direction).

Fig. 2b shows a STEM HAADF map, overlayed with an EDS map of Fe 
(yellow) and V (pink) visualizing the chemical gradient. The regions 
presented with circles 1 to 5 were used for selected area electron 
diffraction (SAED), and areas with circles 2 and 3 were used for HR- 
TEM. Region 1 is within the [011] zone axis (ZA) oriented grain dis
played in the IPF map in Fig. 2a (green colored grain). Regions 2 to 4 are 
inside the [001] ZA oriented grain at the interface (red colored grain), 
and region 5 in the original VCrAl layer (blue colored grain), tilted to a 
[001] ZA. Tilting to either [001] or [011] ZA was conducted to make 
potential superlattice diffraction visible. Those superlattice positions 
were found for SAED positions 1 to 3, shown at the bottom of Fig. 2. The 
elemental line scan, shown in Fig. 2c, is taken across the line exhibited 
on the bottom of the STEM-EDS map in Fig. 2b.

The chemical compositions extracted from the linescans at the five 
SAED positions are summarized in Table 2. The Al content is 

underrepresented in the TEM EDS linescan in comparison with the SEM 
linescan and chemical analysis results shown in Table 1. Absorption 
effects from the grid, the sample itself, or carbon, can impact the anal
ysis. It is assumed that the SEM EDS and chemical composition results 
are more precise. As predicted by thermodynamic simulations [11], 
there is only limited diffusion of Fe into the V matrix, but significant V 
diffusion into the Fe matrix. This results in a pronounced enrichment of 
Fe and V at the original bonding interface located at around 5-µm x- 
position in Fig. 2c, of the two layers. Fe diffusion is limited to 1 to 2 more 
microns inside V, while V content drops from 70 to 25 atomic percentage 
over 5 µm. It takes another 30 µm for the vanadium content to drop from 
25 to 0 atomic percent, as shown in the EDS linescan in Fig. 1. Uphill 
diffusion of Cr at the interface, as predicted by Pandat simulations 
[11,12], was also observed but is not expected to significantly influence 
the mechanical properties.

Figs. 3a and b show two high-resolution (HR) bright field (BF) TEM 
micrographs with two higher magnification insets, taken from the 
respective regions (1 and 2, close to 1 and 4 µm on the linescan) shown 
in Fig. 2b. Despite compositional differences between these two regions, 
changing from 55at.% Fe and 27at.% V to 32at.% Fe and 45at.% V, the 
corresponding SAED patterns exhibit no discernible shift in diffraction 
positions or patterns. The recorded selected area electron diffraction 
pattern is shown in Fig. 3c, with the sample tilted close to a [001] zone 
axis (ZA). The dashed lines show the typical low-index diffraction 
pattern expected for an A2 lattice type. The yellow circles, however, 
highlight the existence of superlattice peaks, indicating an intermetallic 
phase formation. To identify the phase observed in Fig. 3c, the ICSD files 
of B2 Fe-Al [19], B2 Fe-V[20], Sigma Fe-Cr [21], Sigma Fe-V [22], L21 
(Al0.5 V0.5) Fe [23], body-centered cubic (bcc) Fe [24], and V [25] 
were compared in SingleCrystal software. The pattern best matched L21 
(Al0.5 V0.5) Fe with a lattice constant of 0.576 nm, confirming the 
formation of an intermetallic phase. However, σ Fe-V, and B2 (Fe-Al & 
Fe-V) also exhibit close agreement with a lattice parameters of 0.291 and 
0.290 nm.

Although the formation of an intermetallic phase was confirmed, the 
results remain ambiguous, since both B2 (CsCl-type) phases (Fe-Al or Fe- 
V) and L21 phase have similar lattice constants and exhibit very similar 
diffraction positions when observed along the [001] ZA. To resolve this 
ambiguity, region 1 in Fig. 2 was tilted to a 〈011〉 ZA, and the corre
sponding diffraction pattern is shown in Fig. 4 next to the simulated 
diffraction patterns of previously mentioned phases, i.e., B2, σ, and L21. 
Only the L21 phase in Fig. 4d fully matches the diffraction positions 
observed in Fig. 4a. That confirms that we certainly have the formation 
of the L21 phase. However, the additional presence of an overlapping B2 
phases (Fe-Al or Fe-V) cannot be confirmed or excluded; a mixture of 
multiple phases is indeed possible and will be further addressed in the 
next section. Further, the σ Fe-V phase oriented along the [321] ZA 

Fig. 1. A) hardness (open black square) and e-modulus (red circles) measured by nanoindentation are shown across the FeCrAl and VCrAl interface. b) Experi
mentally determined elemental composition via SEM-EDS of major elements is shown for the same x-positions as the nanoindentation mapping. An error of around ±
3 % is assumed from the mean values for the elemental compositions. The location of a FIB lamella liftout is highlighted.
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partially matches the observed diffraction pattern, although it exhibits 
greater deviation compared to the B2 and L21 phases.

A stitched STEM-EDS map of Cr (orange) is shown in Fig. 5, with 
yellow rectangles highlighting the location of the magnified Cr EDS map 
in the HAADF image on the top left. The reason to show the Cr EDS map 
is that the cell-like structure around the precipitates is more prominently 
visible. The average chemical composition across the area is shown on 
the bottom linescan in x-direction. A shorter line scan of 450 nm is 
highlighting the Cr-rich phase formation (arrows), clearly separated 
from the V and Al-rich phases. The inset figure of V of the marked region 
in the Cr EDS map shows the clear phase separation between the Cr-rich 
matrix and the V-rich precipitates. The cell size of the Cr-rich phase is 
increasing with a rising Fe and decreasing V concentration, as shown in 
the average linescan on the bottom of Fig. 5. Vice versa, the precipitate 
size of the vanadium-rich phase and the spatial separation between the 
two phases are decreasing with an increasing vanadium amount. A two- 
phase region is confirmed within the 25 to 33 at.% range of V. That area 
is represented by the 0 to 2.5 x-position of Fig. 2c which includes the 
SAED positions 1 and 2 shown in Fig. 2 and Table 2. Approximate atomic 
weight percentages at the five SAED positions taken from the STEM-EDS 
line scan in Fig. 2. and are shown Table 2. For vanadium contents higher 
than 33 at.%, no clear separation of phases is visible.

Fig. 6 shows the XRD patterns for SPS and LB-DED specimens. The 
dominant crystalline phases identified in both specimens include the bcc 
V and bcc Fe. Both specimens show peaks corresponding to the Fe-Al-V 
L21 phase, with visible peaks at 2.9 and 3.2 and 5.5 degrees. The peaks 
corresponding to the B2 phase only appear to be present in the LB-DED 
specimen. The similarity in the lattice parameters and identical crystal 
structures of the two FeV and AlFe B2 phases necessitates a phase 
quantification through XRD pattern refinements. No FeCr or FeV σ phase 
is observable in the two specimens’ XRD patterns. It is noted that the 
peaks associated with the L21 phase in the LB-DED specimen are broad, 
indicative of small coherent grain sizes, while the peaks for the B2 phase 
are less broad (i.e., larger coherent grain sizes). The L21 peaks in the SPS 
sample are sharper than the LB-DED specimen, indicating these pre
cipitates have larger coherent grain sizes.

Table 3 summarizes the phases and microstructures quantified from 
the XRD analysis. This table confirms the qualitative coherent grain size 
analysis discussed above for the two specimens. The lattice parameters 
of the L21 phase in both specimens are similar to the bulk phase. Simi
larly, the lattice parameters of the B2 phases are consistent with their 
corresponding bulk phases. The inclusion of a B2 phase in the analysis of 
the SPS sample’s XRD pattern led to physically non-realistic values in 
lattice parameters and coherent grain sizes (<1nm), indicating that this 
phase is too low in fraction to be quantified or not present, consistent 
with the TEM results described above.

Both materials were fabricated via LB-DED, with FeCrAl deposited on 
top of VCrAl. An IPF map of the resulting structure is presented in 
Fig. 7a, along with the corresponding EDS maps showing the distribu
tion of Fe and V in Fig. 7b. The IPF is evaluated along the build direction, 
revealing grain continuity across the diffusion area, characterized by 
elongated grains oriented in the build direction. Fig. 7c shows a kernel 
average misorientation (KAM) map, exhibiting stronger local grain 
misorientation perpendicular to the build direction. Crack formation is 

Fig. 2. a) IPF map of FeCrAl (left) and VCrAl (right) interface shows the targeted FIB lift-out location on a grain formed at the interface after annealing at 620 ◦C for 
1000 h; b) STEM HAADF map overlayed with Fe (yellow) and V (pink) EDS map showing the five SA aperture locations with circled numbers and the line scan 
location; c) line scan across 7 µm reveals the diffusion profile of all major elements. The corresponding diffraction patterns extracted from the five SA locations are on 
the bottom.

Table 2 
Approximate atomic weight percentages at the five SAED positions taken from 
the STEM-EDS line scan in Fig. 2.

SAED Position 1 2 3 4 5

Fe 58 55 36 17 0
V 25 27 43 62 80
Cr 13 13 16 16 16
Al 4 5 5 5 4
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observed in the overlayed image quality (IQ) and IPF map in Fig. 7d in 
black, but also visible in the EDS and KAM map in Fig. 7b and Fig. 7c.

During the LB-DED process, the deposition of FeCrAl layers leads to 
partial and repetitive re-melting of the underlying VCrAl layers, pro
moting elemental interdiffusion and formation of the reaction layer 
shown in Fig. 7b. The thermal history within this diffusion zone is highly 
complex and requires further investigation using advanced character
ization techniques, such as in-situ thermal monitoring and elemental 
interdiffusion simulations to accurately determine local temperature 
profiles and estimate the effective depth of elemental mixing and the 
anticipated phase constitution. The produced experimental data will be 
used in simulation efforts to align the produced microstructure with 
simulation efforts.

4. Discussion

Thermodynamic calculations and diffusion experiments for Fe and V 
at the FeCrAl and VCrAl interface have resulted in a diffusion distance of 
approximately 40 µm after 1000 h at 620 ◦C. This diffusion length 
matches the spatial extent of the mechanical property variation 
observed in Fig. 1 [12]. In an earlier study [12], it was hypothesized that 
carbide formation, due to the presence of carbon in both layers, was 
responsible for the observed increase in hardness. Although carbide 
formation can enhance mechanical properties, prior SEM observations 
of the interface confirmed that carbides were localized within 5 to 10 µm 
of the interface [12]. Therefore, carbide formation alone cannot explain 
the magnitude of the mechanical property changes observed across a 40- 
µm-wide region. The hardness and elastic modulus increase across this 
short distance can lead to catastrophic mechanical failure, caused by 

thermic cycling or heat flux transients during fusion reactor operation. 
Thermal cycling and fatigue are caused by an on-demand intermittent 
operation of a fusion power plant. The spike in mechanical properties 
makes the material susceptible to stress concentration and premature 
failure. As this interface is designed to serve between the plasma facing 
material and structural material, stress concentration would result in a 
critical leak of coolant. Fig. 2 shows a STEM image of the TEM lamella 
and the chemical gradient across the interface and clearly shows the 
formation of an intermetallic phase.

A comparison of the EDS linescan in Fig. 1 and Fig. 2 shows a sig
nificant difference in Al content between the SEM and the STEM EDS 
results. It is possible that shadowing, absorption effects, sample thick
ness effects, and statistical error in the background subtraction led to a 
difference in the measured Al content, but a careful evaluation was 
required. A possible explanation could be the formation of an aluminum- 
rich surface layer or the formation of oxides during the annealing. Even 
though the annealing has been performed in a quartz vial, which was 
purged with argon three times, a formation of Al oxides might have 
occurred, which was not observed in the small region of interest (ROI) in 
the TEM sample. As the bulk SEM EDS scan clearly showed that Al is 
measured close to the chemically measured weight percentage, a wrong 
chemical composition of the used materials can be ruled out. A STEM 
EDS map of an unannealed sample condition of the same interface was 
taken and exhibited an Al content of around 10 at%. That is still low in 
comparison to the SEM EDS percentages of around 18 at.%, but slightly 
higher than that of the annealed sample. The difference of 3 to 4 at.% of 
Al between the as-manufactured and the annealed SPS sample indicated 
the diffusion and formation of an Al-rich phase not shown in the ROI of 
the TEM sample. We found that a small amount of Al diffused to form an 

Fig. 3. a) and b) show high-resolution bright field images of SAED locations 2 and 3 shown in Fig. 2b; c) SAED pattern at both positions shows a 100 zone axis and 
marked with yellow circles forbidden positions for a Im3m lattice; d) simulated B2 Fe-V (as well as B2 Fe-Al and L21) pattern on the 100 zone axis matches with the 
diffraction pattern in c).
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enriched Al-phase at the sample surface outside the ROI in the TEM 
lamella. Additionally, differences in the low-kV final polish of the FIB 
sample preparation can lead to a difference between the annealed and 
the unannealed SPS sample, as TEM lamellae were produced by different 
operators. To summarize, we conclude that the annealed STEM-EDS 
lamella has formed an Al-rich surface layer outside the ROI and 
under-reports Al because the low-energy Al Kα (1.486 keV), which 
suffers significant self-absorption and detector shadowing in TEM 
geometry.

Fig. 2 presents five SAED patterns, the first of which is oriented close 
to a < 110 > ZA, clearly highlighting the presence of an L21 phase 
corresponding to the composition measured at SAED Position 1, as 
detailed in Table 2. To further identify the phases present, the experi
mental results are compared with phase diagrams available in the 
literature. Recently, Wang et al. optimized the thermodynamic database 
for the Fe-V-Al system, suggesting the formation of an L21 phase instead 
of a B2 phase for compositions with Al contents below 20 at. % at 
annealing temperatures below 700 ◦C. The measured chemical compo
sition range within the entire TEM lamella (excluding Al, and Cr, 
respectively) is shown by the gray region in the Fe-V-Cr and Fe-V-Al 
ternary phase diagrams shown in Fig. 8. These phase diagrams, repro
duced from the literature, correspond to annealing temperatures of 480/ 
500 and 700 ◦C [26,27]. Based on these diagrams, the formation of a B2 
(Fe-Al or Fe-V) phase as shown in Fig. 4 would not be expected under the 
operating conditions of the structural materials in plasma-facing com
ponents, which have an upper operating temperature around 700 ◦C. 
However, since any fabrication method (AM or other potential tech
niques) used to achieve the present chemical gradient would expose the 
interface to temperatures exceeding 700 ◦C, the formation of a B2 phase 
remains possible. In fact, Ferreiros et al. investigated the Fe1-2xAlxVx 

system and identified a stable high temperature B2 phase for Aluminum 
content above 10 at.% [29].

It is important to note that the Al concentrations reported in the 
STEM EDS map represent the minimum and maximum values measured 
via ZAF-corrected STEM EDS mapping and are lower than those ob
tained using chemical analysis and SEM EDS measurements. This sys
tematic underestimation of Al in STEM EDS measurements is likely 
results from several effects described above and in the methods section; 
hence, the actual Al concentration can be assumed to be higher, as 
supported by the SEM EDS scans in Fig. 1b. The STEM EDS linescans and 
the Cr elemental map in Fig. 5 clearly indicate a 2-phase region at V 
contents between 20 and 33 at.%. The Cr-rich phase contains about 3 at. 
% of Al, while the V- and Al-rich phase shows reduced Cr levels about 5 
at. %. Given the relatively low Cr and Al concentrations within these 
phases, the ternary phase diagrams Fe-V-Cr and Fe-V-Al shown in Fig. 8
can be used to deduce the phases formed. The experimentally observed 
phases are marked in all four ternary phase diagrams with red (Al-, and 
V-rich) and blue (Cr-rich) crosses. The Fe-V-Al ternary phase diagrams 
clearly indicate that the Al- and V-rich phase is an L21 phase, whereas 
the Cr-rich phase is either σ or α phase. Synchrotron XRD measurements 
in Fig. 6 agree with the TEM results, confirming the formation of an L21 
phase together with a bcc phase, without a σ phase formation detected in 
either the SPS or DED samples.

The intrinsic high hardness of the L21 contributes substantially to the 
hardness increase. A single phase L21 phase region forms around 10 to 
20 at.% Al, between 20 and 28 at.% V and Fe as balance at temperatures 
of 500 ◦C. Here, with the composition in the diffusion region being very 
close to that single phase region of the L21, the mechanical properties of 
the existing two-phase region should be very close to that of the pure L21 
phase, assuming a rule of mixture of properties. Aside from the above- 

Fig. 4. A) inverted diffraction pattern close to the[110] ZA at SAED location 1 (shown in Fig. 2), next to simulated patterns of b) bcc Fe, c) B2, d) L21, e) σ Fe-Cr and 
f) σ Fe-V phases. Only the L21 phase in d) fully matches with the diffraction pattern in a).
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mentioned composition, a clear two-phase region has formed in the form 
of L21 precipitates, with a very high density of nano-scaled precipitates 
shown in Fig. 5. The finely dispersed L21 precipitates act as obstacles to 
the movement of dislocations, impeding their propagation and making it 
harder for the material to deform. The dominant strengthening mecha
nism is from precipitate strengthening with coherent precipitates.”.

Based on the Fe-V-Al ternary phase diagrams, for the investigated 
alloys with an Al content between 3 and 10 at.%, the L21 phase is ex
pected to form at temperatures between 500 and 700 ◦C with V content 
ranging from 5 to 55 at. %, balanced by Fe. Assuming a V fraction of 
around 55 at.% as the boundary condition to form L21, no L21 phase 
would be expected at the linescan x-position of 4.8 µm in the TEM 
samples presented in Figs. 2b and 2c. This is confirmed by the diffraction 
pattern of the SAED position 4, which does not show any intermetallic 
phase and aligns well with Wang’s thermodynamic model [26].

However, examination of the HR TEM images in Fig. 3, recorded at 
SAED positions 2 and 3 within the two-phase region, does not identify if 
a second intermetallic phase formed together with the L21 phase. This 
uncertainty arises because the L21 and B2 phases exhibit a cube-on-cube 
orientation relationship with the ferritic matrix < 100>Intermetallic || 
<100>Fe_α as shown in Fig. 3 and Fig. 4. leading to indistinguishable 
SAED patterns and HR TEM image contrasts. Here, using a negative 
spherical aberration coefficient (CS) corrected TEM could potentially 
improve phase differentiation, but would be preferred on a single 
composition sample, to eliminate ambiguities due to a likely chemical 
gradient. Even though, dark-field imaging using different diffraction <
111 > g vectors of the [011] ZA could potentially aid in distinguishing 
between the different phases. The synchrotron XRD results show a clear 
abundance of the L21 phase, with no B2 phase found in the SPS sample. 
That made that distinction in TEM unnecessary for the SPS sample. From 
an application perspective, it does not matter which of the phases form, 
as both phases are embrittling and harmful for the component lifetime 
inside a fusion reactor. A dedicated single composition study with 
different cooling rates is recommended to distinguish between both 

Fig. 5. Cr STEM-EDS map in orange from three stitched locations shown in the top left of the FIB lamella, together with a 450 nm linescan showing a two-phase 
region, with Cr, separating from a V- and Al-rich phase (arrows). Fe does not show any phase separation. A V STEM EDS inset is shown for the marked area and 
shows clearly the separation between the two phases. The line plot at the bottom shows the average chemical composition change from left to right with identical 
scaling as the EDS Cr map.
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Fig. 6. Representative XRD patterns collected for the SPS and LB-DED speci
mens for a region that incorporates the FeCrAl to VCrAl interface. The phases 
identified are labeled with symbols for reference.
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phases for further verification of the quaternary phase diagram of Fe-V- 
Cr-Al.

The synchrotron XRD results indicated a difference in microstructure 
between the annealed SPS and LB-DED samples, with no B2 phases in the 
former, while a small amount of B2 phase formation was found in the LB- 
DED sample. Ferreirós et al. found that the B2 phase only exists above 
730 ◦C for the Fe1-2xVxAlx system, which would explain that a high 
temperature B2 phase, potentially formed during the SPS process, would 
have been dissolved into L21 and a bcc phase during annealing at 620 ◦C 
[29]. Rapid cooling during the LB-DED process would not provide suf
ficient time to eliminate the B2 phase completely. Higher micro-strain in 
the SPS sample, as shown in Table 3, even after an annealing is caused by 
the extensive L21 phase formation without cracking. The precipitate 
formation is visible with a very high density in Fig. 5. In the IPF and 
KAM maps of the LB-DED samples in Fig. 7, The stress accumulation 
through, but especially along the interface, indicated a pile up of stress 
caused by the sheet like formation of precipitates, and the intrinsic 
property differences between L21 and bcc matrix. Those micro strains in 
the lattice in the LB-DED sample have led to cracking at the interface as 
shown in Fig. 7. The observed susceptibility to cracking associated with 
the L21 phase formation and the resulting increase in microstrain aligns 
well with findings reported in previous studies [30,31].

Two design approaches can be considered to address the challenges 
at the Fe-V interface. Firstly, microstructural design through a deliberate 
in-situ L21 precipitation to form small precipitates (below 50 nm in 
diameter) has shown significant benefits in enhancing the strength of 
ferritic superalloys [32]. Diffusion kinetics can be tailored in other alloy 

systems, such as high entropy alloys, to control the growth rate of the 
L21 precipitates. Other researchers found the additions Hf or Nb helpful, 
as those elements were able to increase the energy of formation or 
reduce diffusion kinetics, preventing the formation of L21 or stabilizing 
it in a metastable state, respectively [33,34]. However, Nb is an element 
not suited for fusion system environments due to transmutation into 
long-activation elements [35]. For the Fe and V alloy interfaces, detailed 
thermodynamic calculations and experimental investigations regarding 
alloying compositions and cooling rates are necessary to achieve a 
sparse, finely dispersed L21 phase or to prevent its formation entirely. 
Secondly, alternative compositional pathways can be identified based 
on the latest insights into the Fe-V-Cr-Al quaternary phase diagram.

Recently, a hardness increase was also reported for stacked multi- 
material systems fabricated by LB-DED, which makes the SPS results 
relevant and applicable to the actual manufacturing of components with 
Fe-V interfaces [13]. The LB-DED process, characterized by rapid cool
ing rates on the order of 103–104 ◦C/s (depending on the material and 
processing parameters), significantly reduces the likelihood of σ-phase 
formation due to its sluggish formation kinetics and the presence of Al, 
an effective σ-phase suppressant [36]. Thus, as proven by the XRD 
synchrotron results, the cracking at the interface of the LB-DED fabri
cated sample in Fig. 7 can be attributed to the presence of a high tem
perature B2 and the L21 phases, both known for fast formation kinetics. 
From an additive manufacturing perspective, an L21 phase formation 
appears more detrimental than the formation of a potential σ phase. On 
the other hand, from a neutron irradiation perspective, the formation of 
the L21 phase could potentially be helpful, due to its exceptional 

Table 3 
Quantification of the microstructural results from the XRD analysis. a = lattice parameter, CGS = coherent grain size (nm) and µS = XRD microstrain.

Specimen Phase a (Å) ± CGS (nm) ± µS ±

LB-DED Fe 2.89296 0.00012 − − 0.0017 0.0001
​ V 3.02303 0.00014 − − 0.0012 0.0001
​ L21 5.80835 0.00430 12.0 2.0 ​ ​
​ B2 2.88937 0.00030 420.8 20.0 ​ ​
​ B2 2.90090 0.00063 165.6 20.0 ​ ​
SPS Fe 2.89874 0.00015 ​ ​ 0.0029 0.0000
​ V 3.03563 0.00023 ​ ​ 0.0020 0.0001
​ L21 5.78366 0.00034 60 2.0 ​ ​

Fig. 7. LB-DED print of FeCrAl and VCrAl; a) IPF map; b) EDS map of Fe and V; c) KAM map; d) IQ + IPF map.
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resistance to radiation-induced hardening [32]. However, a crack-free 
manufacturing process is a key requirement for any material system, 
indicating an optimization of the chemical composition and processing. 
Diffusion simulations have been performed in a previous publication but 
were limited to the diffusion kinetics of the SPS sample. Future ap
proaches should include the Lattice Boltzmann Method (LBM), a rapidly 
evolving numerical approach for modeling fluid flow and heat transfer 
within the melt pool. For the present multi material system, the chal
lenging heat transfer and phase transitions during rapid solidification 
need to be considered in the simulation and are efforts out of scope for 

this manuscript.
Beyond the alloying and cooling optimization strategies, an alter

native mitigation approach involving a modified compositional pathway 
has been developed and is proposed in Fig. 9, aiming to achieve an 
intermetallic-free interface. This approach is illustrated by three ternary 
phase diagrams at 620 ◦C, highlighting a feasible compositional 
pathway. By inserting a discrete pure Cr interlayer between VCrAl and 
FeCrAl, the formation of the L21 phase can be prevented, potentially 
enabling a crack-free transition between the two alloys. This proposed 
mitigation strategy is applicable to LB-DED manufacturing but may 

Fig. 8. Fe-V-Cr (top row) and cropped Fe-V-Al (bottom row) ternary phase diagrams at 480 (500) ◦C and 700 ◦C with the gray area representing the measured 
chemical compositions within the TEM lamella ([]). The blue and red crosses represent the 2-phase chemical compositions found in the lamella shown in
adapted from 26–28Fig. 5.

Fig. 9. Modified transition pathway from VCrAl to FeCrAl with a discrete Cr interlayer, marked with circles 1, 3, and 2 respectively. V-Cr-Al (left), Fe-V-Cr (middle) 
and Fe-Cr-Al (right) isotherms are simulated for 620 ◦C. Single phase bcc regions are marked with light gray. A potential transition pathway is highlighted with 
dashed red lines.
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introduce long-term stability concerns. Preliminary LB-DED experi
ments incorporating a Cr interlayer between VCrAl and FeCrAl have 
been performed without exhibiting cracking. The characterization is 
ongoing in as-printed condition and will be followed by long-term 
thermal cycling tests to investigate the potential formation of a σ 
phase at lower temperatures. This study will be published in the near 
future. Nevertheless, further research and additional experimental data 
in the Fe-V-Cr-Al alloy system are necessary to refine thermodynamic 
simulations and optimize compositional gradient pathways between Fe 
and V alloys. The production of complex geometries for plasma facing 
components in a fusion reactor will require the transition layer design 
applied by additive manufacturing. Even though SPS cannot be used to 
manufacture complex structures with integrated cooling channels, the 
lessons learned from the annealed SPS samples are valuable to guide the 
DED process and the alloy design optimization.

5. Summary and conclusions

In the present study, the interface between FeCrAl and VCrAl was 
studied, and compositional gradient pathways were designed to prevent 
the formation of brittle intermetallic phases in the plasma-facing 
component temperature range of 550–1100 ◦C. Both the literature and 
the present results indicate that the complex Fe-V-Cr-Al system is not 
well understood and only partly experimentally explored. The work 
herein performed on annealed SPS samples and LB-DED samples led to 
the following conclusions: 

• The enhancement of mechanical properties at the FeCrAl to VCrAl 
interface is directly related to significant intermetallic formation, 
specifically the L21 phase.

• A B2 phase was only observed in the LB-DED sample, while the L21 
phase was identified in both samples.

• Annealing at 620 ◦C revealed no σ phase formation, potentially due 
to an increased Al content.

• More research on the Fe-V-Al-Cr system is necessary to develop 
validated strategies for bonding Fe-based and V-based alloys, which 
is critical for fusion system applications.

• Introducing a Cr buffer layer between FeCrAl and VCrAl is proposed 
as an easily implementable strategy during LB-DED additive 
manufacturing and is expected to result in a crack-free transition 
layer between these two alloys, as supported by the most recent Fe-V- 
Al-Cr phase diagram.
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