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Proton irradiation induced Nb redistribution in Zr-xNb alloys (x¼ 0.4, 0.5, 1.0 wt%) has been investigated
using scanning transmission electron microscopy/energy dispersive X-ray spectroscopy (STEM/EDS). Zr-
xNb alloys are mainly composed of Zr matrix, native ZreNbeFe phases, and b-Nb precipitates. After
2MeV proton irradiation at 350 �C, a decrease of Nb content in native precipitates, as well as irradiation-
induced precipitation of Nb-rich platelets (135 ± 69 nm long and 27 ± 12 nm wide) were found. Nb-rich
platelets and Zr matrix form the Burgers orientation relationship, [111]//[2110] and (011)//(0002). The
platelets were found to be mostly coherent with the matrix with a few dislocations near the ends of the
precipitate. The coherent strain field has been measured in the matrix and platelets by the 4D-STEM
technique. The growth of Nb-rich platelets is mainly driven by coherency and dislocation-induced strain
fields. Irradiation may both enhance the diffusion and induce segregation of interstitial Nb to the ends of
the irradiation induced platelets, further facilitating their growth.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

ZirconiumeNiobium (ZreNb) alloys have been commonly used
as reactor core materials in commercial pressurized water reactors
(PWRs) for decades, due to their low neutron absorption, excellent
mechanical properties, and lower in-reactor corrosion kinetics and
hydrogen pickup compared to Zircaloys. The reasons for better in-
pile corrosion and hydriding resistance of ZreNb alloys are still
unclear, and can be the results of irradiation effects in the ZreNb
base metal, the Zr oxide or the environment (water) or a coupling
of all of the above [1]. Using a so-called “separate effects” experi-
mental approach, many studies have focused on the microstruc-
tural and microchemical characterizations of irradiated ZreNb base
metal to better understanding in-reactor corrosion mechanisms
[2e4]. One of the most important microstructural findings in irra-
diated ZreNb base metal is that irradiation induces precipitation of
platelets, which would reduce the Nb content in the Zr solid solu-
tion. It has been recently shown by atom probe tomography (APT)
Elsevier Ltd. All rights reserved.
in Refs. [5,6] that Nb concentration in solid solution indeed de-
creases upon 2MeV proton irradiation at 350 �C for doses up to 1
dpa. Despite these significant findings, the growth mechanism of
platelets under irradiation is still unclear and there is a lack of
conclusive experimental results to highlight the impact of precip-
itate growth on the redistribution of Nb content in Zr matrix.

In-reactor neutron irradiation studies on both M5® (Zr-1.0Nb)
and Zr-2.5Nb alloys show that, in addition to the native pre-
cipitates, Nb-rich platelets (up to 60 at.% Nb) described as “needle-
like” or “sword-shaped” precipitates within the Zr matrix [2,7].
These elongated nano-precipitates were not found in heat treated
non-irradiated samples under the same irradiation time period and
temperature, suggesting that these precipitates are irradiation
induced, rather than thermally-induced. Proton irradiation
(3.6MeVHþ at 447 �C up to 0.94 dpa and 2MeVHþ at 350 �C up to
1.0 dpa) was also found to induce nucleation of platelets in Zr-2.5Nb
andM5® (Zr-1.0Nb) [4,5,8]. Recently, aside from the platelets found
in the Zr matrix, APT studies on heavy ion irradiated (4MeV Ni3þ)
[9], proton irradiated (2MeVHþ) [5,6] and neutron irradiated [6]
samples have also found Nb-rich and NbeFe-rich nanoclusters in
the matrix, but with much higher densities than the platelets. The
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Table 1
Bulk composition measured by combustion method in weight percentage (ppm).

Nb (ppm) Fe (ppm) Al (ppm) Cr (ppm) Ni (ppm) Si (ppm)

Zr-0.4Nb 4690 670 30 50 30 10
Zr-0.5Nb 5270 430 50 30 20 20
Zr-1.0Nb 11270 470 40 40 20 10
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continuous reduction of Nb in solid solution due to the precipita-
tion of Nb-rich platelets/clusters is hypothesized to be the cause for
the absence of in-reactor corrosion acceleration in ZreNb alloys up
to 80 GWd/MTU [5,10]. To support this hypothesis, the recently
developed coupled-current-charge-compensation (C4) model has
predicted that lower Nb content, with the right oxidation states and
concentrations in the oxide, would lower the corrosion kinetics of
ZreNb alloys [11].

Only a few studies have discussed the growth mechanism of
irradiation-induced platelets in details. In a study by Coleman et al.
[2], the growth of platelets upon neutron irradiation at 570e770 K
and 0.6e0.8 dpawas attributed to irradiation enhanced diffusion of
Nb. Even though nucleation of platelets appears to be only possible
under irradiation, precipitates can still grow larger upon post-
irradiation heat treatment. Prior to irradiation, large variations of
Nb content, 0.07e0.6 at.%, has been reported in the Zr matrix
[5,6,9,12,13]. Thus, the true solubility limit of Nb in ZreNb alloys is
uncertain, making it difficult to determine if pre-irradiated alloys
have reached thermodynamic equilibrium conditions. For neutron
irradiated M5® in Ref. [7], the shape of platelets attributed to
resulted from minimization of the stress field due to matrix/pre-
cipitate interface misfit, or due to anisotropic diffusion of
irradiation-induced point defects. The precipitate/matrix interface
was coherent along the body of the platelet, whereas the two ends
of the precipitate had an incoherent interface [14]. From another
perspective, albeit in a different material system, Ni-based alloys
containing fine coherent Ni3ðAl; TiÞ precipitates have shown that
the large area of coherent matrix/precipitate interfaces enhance the
recombination of point defects, which would theoretically limits
the growth of the precipitates upon irradiation [15]. Lastly, a
theoretical calculation of a radiation-modified ZreNb phase dia-
gram by Turkin et al. [16] has predicted that under reactor condi-
tions, the platelets coherent with the matrix in the plane of the
plate should be stable. Whereas incoherent b-Nb precipitates are
unstable because their stability field is located at a temperature
higher than under reactor conditions. Despite these fewattempts to
explain precipitates growth under irradiation, a significant
knowledge gap remains for the growth mechanism of irradiation-
induced precipitation in ZreNb alloys. Understanding the detailed
microstructure and microchemistry of the irradiation-induced
platelets will be vital to explain their growth and subsequent
impact on in-pile corrosion kinetics.

In general, hypothesis of growth mechanism of platelets can be
divided under two different pre-irradiation conditions. If the pre-
irradiated alloy is not under thermodynamic equilibrium condi-
tion, such that the matrix is oversaturated with Nb atoms, the
growth should be kinetically limited due to slow Nb diffusion in Zr
matrix [6,17]. In this case, growth mechanism of platelets under
irradiation should be dominated by irradiation-enhanced diffusion
[2,18], which enhances Nb diffusion and accelerates the growth
kinetics. Sink strength should not play a significant role in the
growth, since it is thermodynamically favorable to nucleate and
grow new precipitates for Nb to reach an equilibrium concentration
in the matrix. On the other hand, under thermodynamic equilib-
rium, the Nb content in pre-irradiated Zr matrix should be at the
equilibrium concentration predicted by ZreNb phase diagram [19].
Then, one of the possible growth mechanisms of irradiation-
induced precipitation for an equilibrated solute concentration is
irradiation-induced segregation through the inverse Kirkendall
effect [18]. In this case, sink strength is important to determine the
diffusion of point defects (PDs). Variable bias sinks, such as
coherent precipitates, acts as traps for PDs, which are attracted to
the coherent precipitates to relieve the strain field produced by
misfits between the traps and the matrix [18].

Therefore, to investigate the growth mechanism of irradiation
induced precipitates, this paper focuses on scanning transmission
electron microscopy/energy dispersive X-ray spectroscopy (STEM/
EDS) techniques to measure precipitate composition and density
before and after irradiation, to identify phases, to investigate pre-
cipitate/matrix orientation relationship, and to construct strain
maps in order to provide critical information on the growth
mechanism of platelets. This study utilizes binary ZreNb model
alloys with variations in Nb concentration, proton irradiated up to 1
dpa to generate platelets that are enriched in Nb similar to those
observed under in-pile irradiation. Through STEM/EDS and selected
area electron diffraction (SAED) analysis, the crystal structure and
composition of Nb-rich precipitates are identified and compared.
Platelets are mainly imaged by STEM and their density was
measured in different alloys. High-resolution (HR)STEM was per-
formed to find the orientation relationship between the pre-
cipitates and the matrix. Finally, 4D-STEM, a –state-of-the–art
electron microscopy technique, was used as the first attempt to
map the strain field around the platelets in Zr matrix. Implications
of the results on the growth mechanism of platelets and the impact
on the Nb content in the solid solution are then discussed.
2. Experimental procedures

Zr-xNb model alloys (target compositions x¼ 0.4, 0.5, 1.0 wt %)
with a final annealing step at 560e580 �C for 5e10 h as well as the
same Zr-0.5Nb with an additional annealing at 1000 �C for 15min
followed by a rapidwater quenchwere studied. The objective of the
annealing at 1000 �C was to dissolve all native precipitates and
study the effect of irradiation in a Nb supersaturated matrix. The
bulk material processing steps can be found in Ref. [20]. The bulk
compositions of these Zr-xNb alloys were analyzed through com-
bustion method and the results are shown in Table 1. The actual
compositions are relatively close to the target compositions such
that we will keep referring to the target compositions to label the
alloys. It is worth noting that Fe is the main impurity, with con-
centration level consistent with industrial alloys [21]. The origin of
Fe is likely to be the sponge Zr raw material.

All alloys were irradiated at the University of Wisconsin Ion
Beam Laboratory (IBL) using a 2MeV rastered proton beam to
induce a damage level up to 1.0 dpa in the flat region. The flux and
dpa rate during irradiation were 3.67�1013 ion/cm2s and
2.62�10�6 dpa/s, respectively. As recommended in the literature
[22], irradiation damage in terms of dpa was calculated based on
the simulation using SRIM “Quick” Kinchin-Pease mode. The dpa
peak is located about 30 mmbelow the irradiation surface, while the
dpa is relatively flat at 5e20 mm in depth. The samples temperature
were closely monitored at 350±5 �C using thermocouples welded
on two sacrificial samples and a pre-calibrated IR camera. The de-
tails of irradiation setup and bulk sample description can be found
in Ref. [5].

The detailed TEM sample fabrication procedures performed at
the University of Wisconsin e Nanoscale Imaging and Analysis
Center (UW-NIAC) are discussed in supplemental materials (SM)
section 1 and shown in Fig. S1. The thickness of each thin film was
measured using plasmon peak in electron energy loss spectroscopy
[23].
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300 kV Tecnai-TF30 TEM and 200 kV FEI Titan Aberration-
corrected STEM (UW NIAC), 200 KV Titan G2 ChemiSTEM (Univer-
sity of Manchester), and 200 kV Titan Themis 200 ChemiSTEM
(Idaho National Laboratory) were used to identify precipitates and
to quantify their microchemistry and density. Only the low
magnification STEM/EDS images at plane view instead of using
specific diffraction vectors are reported in this study. Indeed, the
STEM/EDS images at plane views allowed to efficiently locate the
irradiation induced platelets, due to their specific elongated shape
and the sole presence of Nb and Zr in them, across multiple grains
and samples. This was deemed more efficient to increase the sta-
tistics for size and density assessments of the particles. The crystal
structure files used to simulate diffraction patterns of each phases
(a-Zr, b-Nb, Laves phase) in JEMs were downloaded from inorganic
crystal structure database (ICSD). High-resolution STEM study on
the irradiation induced nano-precipitates using 200 kV FEI Titan
STEM equipped with probe corrector were performed at UW-NIAC.
High angle annular dark field (HAADF) STEM images were collected
with a 24.5-mrad probe semi-convergence angle, 18.9 pA probe
current, and HAADF detector range of 5.7e12.6mrad. The experi-
mental details for 4D-STEM are described in SM section 4.

3. Results

3.1. Unirradiated samples

The native precipitates were characterized and are shown in
Fig.1 for the Zr-xNbmodel alloys. Bright field STEM images and EDS
elemental maps of the Zr-xNb model alloys are presented in Fig. 1
A) recrystallized a-Zr microstructure with similar grain size was
confirmed for all alloys. Since the solubility of Nb in these alloys has
been confirmed to be less than 0.4 at.% in Ref. [5], the presence of
Nb-rich native precipitates is expected and observed. From the
convergent beam electron diffraction (CBED) and EDS concentra-
tionmeasurements (see Fig. S2 and Table S1 in SM section 2), native
precipitates are observed in thematrix and are identified as b.c.c. b-
Nb phase and Zr(Nb,Fe)2 Laves phase [7,24,25]. STEM and CBED
analysis are presented in Fig. S2 for the Zr-1.0Nb alloy and are
representative of all characterized alloys. The measured diffraction
patterns are consistent with diffraction patterns generated by JEMs
V3. It should be noted that the Zr(Nb,Fe)2 phase observed is a
commonly reported Laves phase. However, due to the large density
of native precipitates that contain Fe, only a few of them have been
Fig. 1. BF STEM image and EDS elemental maps at plane view of A) Zr-0
fully characterized using SAED. Therefore, other types of Fe pre-
cipitates, such as (Zr,Nb)3Fe and (Zr,Nb)2Fe, may also exist in the
matrix, as reported in Ref. [24]. However, neither Fe itself nor Fe-
containing precipitates are the primary focus of this study, so the
authors will refer to Laves phases as a general indicator of
ZreNbeFe containing precipitates.

Based on the STEM/EDS images, the size distribution of native
precipitates in ZreNb alloys were measured using ImageJ®. For
each sample, particle sizes over at least 5 different grains were
measured, representing more than 8000 precipitates in total. Then,
the particle sizes were fitted using a probability density function to
plot the particle size distribution in Fig. S3. Smaller particle sizes
are observedwhen the bulk Nb concentration decreases from 1wt%
to 0.5 wt%. This shift is expected since Zr-1.0Nb indeed contains
larger Nb-rich precipitates after annealing, owes to the Ostwald
ripening mechanism. The particle density for each Zr-xNb (x¼ 0.4,
0.5, 1.0 at.%) is 3:14�1019;6:04� 1019 and 1:66� 1020 pre-
cipitates/m3, respectively. As expected, a higher bulk Nb content
leads to higher particle density.

The microstructure resulting from Zr-0.5Nb alloy annealed at
1000 �C, a treatment designed to dissolve all native precipitates
prior to irradiation, is presented in Fig. 1 D). Based on the thermo-
dynamic phase diagram, the annealing temperature should cause
the h.c.p. a-Zr to transform into b.c.c b-Zr phase. If the subsequent
quenching rate is fast enough, b-Zr grains should be retained and all
native precipitates should be dissolved in the b-Zr solid solution.
However, as reportedelsewhere [26] andasobserved inFig.1D)b-Zr
water quenching actually resulted in the formation of lath mar-
tensites in the Zr matrix. The matrix was identified as a-Zr phase
fromSAED (in Fig. S4) and XRD (in Fig. S5). Some laths are parallel to
each other, while others form branch-like patterns. In addition, Nb
and Fe are slightly enriched in the laths. Although the objective of
obtaining an oversaturated homogeneously distributed Nb solid
solution was not achieved, intragranular precipitates were indeed
dissolved. Now that the microstructures and microchemistry of
unirradiated alloys have been characterized, irradiated alloy char-
acterizations will be presented.

3.2. Irradiated samples

The microstructure and microchemistry of the samples after
proton irradiation at 0.55 dpa and 1.0 dpa are shown in Fig. 2. Both
irradiated Zr-0.5Nb and Zr-1.0Nb contains elongated precipitates
.4Nb, B) Zr-0.5Nb, C) Zr-1.0Nb, and D) Zr-0.5Nb annealed at 1000 �C.
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(not present in the unirradiated samples), whereas only spherical
native precipitates were found in Zr-0.4Nb at 0.55 dpa. EDSmaps in
Fig. 2 A) and Fig. S6 A) shows that there are no observable differ-
ences in the microstructure and microchemistry after 0.55 dpa in
Zr-0.4Nb. Most native precipitates in irradiated Zr-0.4Nb still
contain both Fe and Nb, while only a few precipitates contain Nb
alone. In Zr-0.5Nb at 1 dpa, there are numerous of native pre-
cipitates remaining in the matrix (see Fig. S6 B), similar to 0.55 dpa
Zr-0.4Nb. However, a few platelets could be observed using high
magnification STEM/EDS images as shown in Fig. 2 B).

For 0.55 dpa Zr-1.0Nb, the sample contains a high density of
spherical native precipitates, as shown in Fig. 2C). Occasionally,
large rod shaped Nb-rich precipitates (length greater than 200 nm)
can be found in the matrix. On the other hand, at 1.0 dpa, a sig-
nificant amount of platelets, containing only Nb, are observed un-
der STEMmode throughout the sample (Fig. 2 D)). It is important to
note that in order to image platelets under STEMmode, the sample
does not need to be tilted to a specific orientation. All the STEM
images presented in Fig. 2 were imaged in the orientation
perpendicular to the beam direction and parallel to the irradiation
surface.

Another major difference between Zr-1.0Nb at 1 dpa and the
other alloys/conditions is the existence of partial dissolution of
native precipitates, shown in Fig. 3. Indeed, Nb is not homoge-
neously distributed in the post-irradiated precipitates, which are
depleted in Nb (and potentially Fe). Such dissolution phenomenon
was not observed in 1.0 dpa Zr-0.5Nb. In addition, the EDS line scan
measurement on this particular native particle shows only
approximately 20 at.% Nb, though there might be a significant Zr
matrix thickness effect. However, most non-dissolved native pre-
cipitates in the same sample showed a reduction of Nb content to
approximately 60 at.% with a lamellae thickness below 50 mm, such
that matrix effect are negligible. This reduced Nb content in the
native precipitates is consistent reports of in-PWR neutron irradi-
ated M5® alloy observations, (300e350 �C and fluence greater than
15� 1025 n=m2), which have reported 55 at.% Nb in the native
precipitates [7].

More compositional details of platelets in 1.0 dpa Zr-1.0Nb are
shown in Fig. 4 under higher magnification. The STEM BF image in
Fig. 4 A) features a Nb-rich precipitate about 110 nm long and
25 nm wide. There is no higher Fe intensity inside the precipitate,
which indicates no Fe enrichment in the precipitate. This is
Fig. 2. BF STEM/EDS at plane view of A) 0.55 dpa Zr-0.4Nb, B) 1.0
confirmed with EDS line scan over this particular precipitate in
Fig. 4 B), which indicates only enrichment of Nb inside the pre-
cipitate. Fig. 4C) shows EDS line scan over a different precipitate,
which shows no increase of Fe or Cr inside the precipitate but the
enrichment of Nb. Based on the sample thickness, the Nb content in
those platelets varies between 20 and 40 at.%. The Nb content in the
neutron irradiation induced platelets (IIPs) has been reported to be
as high as 60 at.% up to 2 PWRs irradiation cycles [14].

The size distribution of platelets is shown in Fig. S7. In total,
more than 60 platelets were measured in 1 dpa Zr-1.0Nb. Most
precipitates have a length between 50 and 120 nm and width less
than 50 nm, with only a few having a length greater than 150 nm
and a width greater than 50 nm. The sizes of platelets were
measured based on STEM/EDS images taken parallel to irradiation
surface, without tilting to specific zone axis for each grain. In this
case, the variation of the grain orientations can affect the measured
length and width of the precipitates.

The Zr-0.5Nb alloy annealed at 1000 �C and irradiated at
0.55dpa has a completely different microstructure than the other
alloys. Similar to the observations in the unirradiated case, none of
the spherical Nb-rich or Fe-rich precipitates could be observed.
After irradiation, the matrix remains a-Zr phase. STEM/EDS images
in Fig. 5 A) shows that the Nb segregated at the lath boundaries is
now discontinuously distributed. Small portions of the lath
boundaries also contain Fe. Decomposition of the Nb-rich b-Zr
phase along the grain boundaries has been commonly observed in
Zr-2.5Nb upon irradiation and heat treatment [27]. Therefore,
thermal effects rather than irradiation are likely responsible for this
phase separation. Thus, low temperature irradiation (350 �C) would
cause a similar effect on Nb-rich lath boundaries in b-Zr quenched
sample than decomposition of b-Zr phase in aþb field quenched Zr-
2.5Nb sample at 500 �C for 10 h [27]. Higher magnification STEM/
EDS image in Fig. 5 B) shows the presence of possible Nb-rich
irradiation induced platelets away from the laths. They are iso-
lated from the discontinuous lath boundaries and do not contain Fe,
which is consistent with the observation of platelets in 1 dpa Zr-
0.5Nb and 1 dpa Zr-1.0Nb.
3.3. HRSTEM characterization on 1.0dpa Zr-1.0Nb

Upon irradiation, precipitate/matrix interfaces act as sinks for
point defects (PDs), which leads to irradiation induced segregation/
dpa Zr-0.5Nb, C) 0.55 dpa Zr-1.0Nb, and D) 1.0 dpa Zr-1.0Nb.



Fig. 3. A) STEM/EDS images show the dissolution of native precipitates, which is pointed by blue color arrows. Irradiation-induced platelets are pointed by orange color arrows.
Dash lines presents the EDS line scan pathway. B) EDS line scan over native precipitate along red dash line. C) EDS line scan over native precipitate along purple dash line. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. A) High magnification STEM BF/EDS mapping of platelets. B)eC) EDS line scans over two platelets.
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Fig. 5. STEM/EDS images at plane view of pre-annealed Zr-0.5Nb irradiated at 0.55dpa A) decomposition of Nb-rich laths boundaries, and B) possible irradiation induced pre-
cipitates in the Zr matrix away from the laths.
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depletion though the inverse Kirkendall effect [16]. It is also well
known that the coherency between the precipitates and sur-
rounding matrix significantly affects the interface sink strengths
[18]. Thus, since the interface sink strength may affect diffusion of
alloying elements under irradiation, it is important to characterize
the coherency and orientation relationship (OR) between the pre-
cipitate and matrix to understand the growth mechanism of
platelets. Since HRSTEM is one of the available atomic-scaled
characterization methods to obtain the OR between a precipitate
and matrix, this method was performed on selected irradiated
induced platelet.

Fig. 6 shows HAADF-STEM images of a typical platelet, which is
about 100 nm in length and 20 nm in width. Higher magnification
images inside the body of the platelet shows hexagonal lattice
Fig. 6. A) STEM of a typical platelet in the matrix. B) and C) HRSTEM images taken from the
b.c.c Nb-rich platelet with a zone axis [111] parallel to zone axis [2110] of h.c.p Zr matrix.
indicate the intersection of (0111) and (110) planes. E) (110) platelets and (0111) matrix plan
the reader is referred to the Web version of this article.)
structure from [2110] zone-axis. The measured atomic spacing and
the corresponding FFT further indicate that this platelet has a b.c.c
crystal structure. In addition, the EDS results on the same platelet
shows 40 at.% Nb in Fig. 4C). Since the Nb content in the model
alloys is low, the maximum Nb solubility in b-Zr is 20 at.% based on
available phase diagrams [19]. Thus, the irradiation induce platelet
contains twice higher Nb content than the maximum Nb solubility
in b-Zr. Furthermore, there is no enrichment of Fe inside the pre-
cipitate. Therefore, combining the HSRTEM/EDS experimental data
and the results from literatures [4,7,28], this IIP has b-Nb crystal
structure. In Fig. 6, the precipitate is at the [111]b.c.c. zone axis. The
FFT pattern of the matrix shows [2110]h.c.p. zone axis. The simu-
lated diffraction patterns, shown in Fig. S8 by VESTA and JEMs, are
consistent with the identified crystal structures. Therefore, the
inner part of the platelet and from Zr matrix. The inner body of the precipitate shows
D) HRSTEM of the interface between the body of platelets and matrix. The red points
e have 2e3� rotation. (For interpretation of the references to color in this figure legend,
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body of the precipitate at [111] direction tend to align with [2110]
direction of the matrix. The long axis of body is close to parallel to
matrix (0111)h.c.p diffraction direction. Also, the (0002) plane of the
matrix is parallel to (011) plane in the precipitate. This OR is the
well-known Burgers OR between h.c.p. and b.c.c. structure [17,29],
which is consistent with the OR reported between radiation
induced precipitates and the matrix after the 10MeV electron
irradiation on Zr-2.5Nb (maximum dose level: 1.3 dpa; irradiation
temperature; 440 �C) [3,14]. This OR was verified on other platelets,
as shown in Fig. S9 and Fig. S10.

The interface between the platelet and matrix in Fig. 6 A) was
magnified in Fig. 6D and E). Although the interface has a continuous
transition between the two crystal structures, there is 2e3� rota-
tion between the ð0111Þ and (110), which is consistent with the
angle in the FFT patterns between these planes. The red dots in
Fig. 6 D) are approximately the intersection of the planes, which
might indicates the actual interfaces of h.c.p and b.c.c structures.

3.4. 4D-STEM characterization on 1.0 dpa Zr-1.0Nb

One of the imaging modes in 4D-STEM is nano-beam electron
diffraction (NBED), where small convergence angle is used to
generate nm-sized electron probe with separated diffraction disks.
Previous works have demonstrated that NBED is capable of map-
ping strainwith 0.1% precision across a mm field of view [30,31]. For
coherent second phase precipitate (SPP) with different crystal
structure than the matrix, lattices are distorted at the interface in
order to maintain the coherency, which induce local strains [32]. In
addition, strain energy plays a more important role than interfacial
energy in determining the shape of coherent precipitates consisting
of elements with differences in atomic radius [32]. Finally, upon
irradiation, PDs are introduced into the material, which could
induce additional strain in the Zr matrix affecting the precipitate
growth [17]. Using NBED pattern acquired in 4D-STEM, it is possible
to map strain at comparable precision as traditional geometric
phase analysis in HRTEM over the whole precipitate and its sur-
roundingmatrix, make it awell-suited technique to understand the
growth mechanism of platelets.

Zr-1.0Nb irradiated under 1 dpa dose was used for 4D-STEM
measurement. HAADF image of the analyzed platelet and the FFT
patterns of the platelet and matrix are shown in Fig. S10. The lattice
structure is consistent with the OR described in Fig. 6. Diffraction
disk positions were determined with sub-pixel precision following
the method described in Ref. [30]. From all diffraction spots, two
diffraction disks g

.
i¼1;2 corresponding to matrix (0002Þ/platelet

(011) and matrix (0111)/platelet (101) were selected to generate
strain maps (see SM section 3 for detailed strain calculation pro-
cedures). The resulting color-coded 2D d-spacing maps and strain
maps are shown in Fig. 8. The strain maps include two uniaxial
strain (εxx and εyy), shear strain (εxy), and rotation map (εrot). It is
important to notice that the strain matrix is actually composed of
lattice mismatch inherent to the h.c.p and b.c.c crystal structures
and to actual strain in those lattices. Thus, the strain values
resulting from this derivation are much larger than the true strain
experienced by the two phases. A deconvolution of the two terms
was not attempted in the 4D-STEM map as it is rather laborious to
define the actual interface between the two phases.

A more detailed HRSTEM analysis of the two ends of the platelet
is shown in Fig. 7C) and D), which indicates that the platelet is not
fully coherent with visible edge dislocations at the interfaces. On
the other hand, only one edge dislocation was observed nearby the
platelet's long side.

Plane spacings of matrix (0002)/platelet (011) and matrix
(0111)/platelet (101) are plotted in Fig. 8B) and C), respectively. The
4D-STEMmeasurements show that the Zr matrix contains multiple
regions with d-spacing larger than 2.6 Å for both diffraction vectors.
For the Nb-rich platelet, only the d-spacing for g

.
2 is smaller than

2.5 Å, whereas the d-spacing for g
.

1 is rather similar to the Zr
matrix.

The strain maps in Fig. 8D) and E) shows a greater contrast
between Zr matrix and platelets. For εxx, the platelet has
compressive strain, with a lowest strain inside platelets, owes to
lattice mismatch between the a-Zr and b-Nb. On the other hand,
within the matrix itself, (0002) planes are mostly strain-free, be-
sides a couple of small regions. It is expected that local tensile strain
in the Zr matrix basal direction correspond to a lattice expansion,
potentially induced by non-resolvable point defects or small clus-
ters/loops. For εyy, the two ends in the vicinity of platelet and
matrix interface were under significant tensile strain. Despite the
fact that no crystal defects were observed in the middle portion of
the platelet from HRSTEM image, the platelet still remains under
tensile strain. The observed high tensile strain will be discussed in
more details in the next section. Multiple regions in the (0111)Zr are
also under tensile strain.

The rotation map presents the strain induced by plane rotation,
where interfacial misfits generate nonzero values. Since any defects
can cause crystal plane rotation [32], the strain fields in Fig. 8 G)
and Fig. S12 best present the defect locations. A coupled of spots
near the two ends of the platelets show localized high plane rota-
tion induced strain fields, which corresponds to the identified edge
dislocations in HRSTEM images.

4. Discussion

4.1. Precipitate density evolution as a function of dose and Nb
content

The overall precipitate density results, calculated from STEM/
EDS images and normalized by EELS thickness measurements, are
summarized in Fig. S11. The most important observed trend is even
if the irradiation induced platelets are lumped into the overall
precipitate density, the precipitate density drops significantly for all
alloys after irradiation. The overall precipitate density has reduced
approximately by 30% for 0.55 dpa Zr-0.4Nb and 1 dpa Zr-0.5Nb
compared to unirradiated samples, whereas the density of 1 dpa
Zr-1.0Nb has decreased approximately by 50%. The reduction of
density correlates to the atomic scale observation that the native
precipitates are dissolving into the matrix upon irradiation (see
Fig. 3). Comparing overall precipitate density of Zr-1.0Nb at 0.55
dpa and 1.0 dpa, there is a slightly increase of density, which is due
to the precipitation of irradiation induced platelets. However, it is
unclear if the overall precipitate density will be recovered at higher
doses as more irradiation induced platelets nucleate and grow.

Precipitate density evolution of neutron irradiated M5® has
been carefully studied in Ref. [7], using both TEM and synchrotron
X-ray analysis. The native b-Nb precipitate density slightly in-
creases from 1:1� 1020 m�3 to 1:2� 1020m�3 at 4 dpa (1� 1025 n/
m2¼ 2 dpa [33]), and then continuously decreases to
0:6� 1020m�3 at 16 dpa. On the other hand, the number density of
platelets increases from 0 to about 1:5� 1022 m�3 at 4 dpa, and
then remains relatively constant. Therefore, the overall precipitate
density of neutron irradiated M5® increases by two magnitude
compared to unirradiated sample, which is different from the
precipitate density trends observed in proton irradiated ZreNb
model alloys presented in this study.

This significant discrepancy on overall precipitate density be-
tween neutron and proton irradiated ZreNb alloys may be due to
the different interaction of irradiation species with targetmaterials.
Due to competition between (i) disordering by atomic mixing and
(ii) re-ordering by irradiation enhanced diffusion, precipitates can



Fig. 7. HRSTEM images of A) entire irradiation induced platelet, B)-D) few defects (edge dislocations) found in the vicinity of the platelet/matrix interface. 1)-6) higher magnification
of atomic scaled edge dislocation. The light blue dots represent the extra plane of atoms inside the platelet. (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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stabilize to a steady state size. This process is the so-called
“patterning” phenomenon [34]. However, patterning requires
atomic relocation distances greater than nearest neighbor dis-
tances. Since proton irradiation does not generate energetic cas-
cades or long relocation distance, patterning does not happen upon
proton irradiation. On the other hand, neutron irradiation, with
deep penetration depth, produces energetic cascades and results in
patterning in irradiated materials. In that sense, instead of growing
high density platelets, the platelets induced by proton irradiation
keep growing larger. Therefore, the overall precipitate density is
reduced upon proton irradiation, but the size of formed platelets is
larger than that of neutron irradiation induced platelets. On the
other hand, studies in Refs. [4,34] have also claimed that 3.6MeV
proton irradiation induces similar microstructure, in terms of pre-
cipitation of irradiation induced platelets, in Zr-2.5Nb at 720 K and
0.94 dpa compared to in-reactor neutron irradiation. The size dif-
ference between neutron and proton irradiation induced platelets
has been attributed to irradiation time (i.e. diffusion) instead of
total dose level. Unfortunately, although the stability of native
precipitate upon proton irradiation has been investigated in the



Fig. 8. 4D-STEM analysis of platelets in Zr matrix. A) HAADF-STEM image of irradiation induced platelet, studied for strain map. B) and C) d-spacing maps along g!1 and g!2
diffraction direction. D) to G) Strain maps containing the uniaxial strain (εxx and εyyÞ, shear strain ðεxyÞ, and rotation ðεrotÞ maps.
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literature [4], there is no precipitate density and size distribution
reported for proton irradiated ZreNb alloys.

4.2. Defect and strain field in the vicinity of irradiation induced
platelets

From the HRSTEM images, the two ends of the platelets have
semicoherent interfaces, whereas the platelet's length interfaces
are coherent with the matrix. This finding is different to the
HRSTEM analysis of the neutron irradiated M5® in Ref. [14], which
reported incoherent rather than semicoherent interface, at the
ends of the platelet. However, the neutron irradiation-induced
platelets were analyzed along the [0001] matrix zone axis,
whereas the proton irradiation-induced platelets in this study was
analyzed at the [2110] matrix zone axis. Therefore, from a different
zone axis, the atomic arrangement at the interface might appear
different, potentially affecting the imaging of dislocations.

For semicoherent interface, the spacing D between edge
dislocations can be calculated using equations (1) [32]:

D ¼
dZrð0002Þ � dNbð011Þ

dZrð0002Þ � dNbð011Þ

Dm is the D measured from the dZrð0002Þ and dNbð011Þ values from the

HRSTEM images, and is measured to be 3.93 nm. The actual spacing
between edge dislocations at the platelet's end, from Fig. 7 D), is
3.83 nm, which is only 2.8% less than theoretical calculation. If

spacing D is calculated using dZrð0002Þ and dNbð011Þ based on relaxed

crystal structure [7,14], then Dr is equal to 2.49 nm, which is 35%
less than the measured spacing between edge dislocations. Since
Dm is greater than Dr , the dislocations did not fully relieve the co-
herency strains, such that there should be a long-range residual
strain field nearby the two ends of the platelets [32].

As shown in Figs. 6 and 7C), the ð0111ÞZr and (110)Nb diffraction
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direction are almost perpendicular to the platelet's length inter-
face/long body axis, and only 2e3� from being parallel to each
other. The d-spacing mismatch between dZrð0111Þ and dNbð110Þ, based on
relaxed crystal structure, is 5.2%. However, based on HRSTEM im-
ages measurement, d-spacing mismatch between these two planes
is only 1.45%. Both calculations show that themismatch is relatively
small. Thus, it is theoretically possible to obtain a coherent interface
at the platelet's lengths. Since the Nb lattice planes tend to match
with the Zr lattice planes, this causes local plane rotation to keep
the interface coherent, which could explain the relatively high εrot

observed in the two highlighted regions in Fig. S12. Thus, the εrot

map shows the residual coherent strain field at the platelet's length
interfaces, as well as edge dislocation induced strain fields nearby
the platelet's ends.

Since [14] has reported that the neutron irradiation induced
platelets are laying on the basal plane, it is most likely that the
HAADF image in Fig. 8 A) is the cross section of the proton irradi-
ation induced platelets. Therefore, the short axis direction should
be the thickness direction of the platelet. Thus, the entire thickness
area should be semicoherent with the Zr matrix. Since semi-
coherent interface should still contain residual coherent strain, the
high εyy region measured in the middle portion of the platelet, in
Fig. 8 E), could be explained by the coherent strain. Indeed, there is
an overlapping of the semi-coherent interfaces in the field of view
when acquiring HRSTEM image and 4-D STEM scan.
Fig. 9. Top view of 3D modelled OR betw

Fig. 10. HAADF HRSTEM and FFT investigation of OR
4.3. OR comparison of proton and neutron IIPs

In this study, we have reported the OR of platelet and matrix is
½2110�h:c:p // ½111�b:c:c and (0002)h.c.p//(011)b.c.c, which is consistent
with Burgers OR reported in 1.2 dpa Zr-2.5Nb [3]. For neutron
irradiated M5®, the reported OR in M5® is ½1210�h:c:p // ½100�b:c:c
and (0001)h.c.p//(011)b.c.c [14]. The apparently different OR is due to
characterization at different zone. Since one of the purposes to
perform proton irradiation on ZreNb alloy is to emulate neutron
irradiation effect, it is important to compare the OR of the proton
IIPs with neutron IIPs at the same Zr matrix zone. Based on the OR
identified for both proton irradiation induced platelet and neutron
irradiation induced platelet, we constructed a 3Dmodel of the h.c.p
and cubic unit cell, and tilted to [0001]h.c.p. zone pointed out of the
view plane, which is shown as top view in Fig. 9. For both proton
and neutron IIPs, [011] b.c.c. points out of plane. It is concluded that
the following {1120} h.c.p//{100}b.c.c, {0001} h.c.p//{011}b.c.c and
{1010} h.c.p//{011}b.c.c. represent the OR of variant planes between
h.c.p Zr and b.c.c Nb.

To confirm that we indeed have the expected OR at [0001]h.c.p.,
another TEM lamella was fabricated for HRSTEM experiment. As
shown in Fig. 10, HRSTEM image of an IIP has been taken at
[0001]h.c.p. zone. The Zr atoms are arranged in hexagonal rings,
which are the typical [0001] h.c.p zone structure. Nb atoms are in
cubic arrangement and correspond to [011]. In addition, (200)b.c.c is
een h.c.p. Zr and b.c.c. Nb unit cells.

between platelet and matrix at [0001]h.c.p. zone.
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parallel with ð1210Þh.c.p.. Thus, OR is ½1210�h:c:p // ½200�b:c:c and
(0001)h.c.p//(011)b.c.c. This exactly matches with OR indexed in
Ref. [14] on neutron irradiated materials. Thus, the irradiation
induced b-Nb platelet can align their b.c.c crystal structure to the
h.c.p Zr based on the identified variant planes above, such as
(011Þb.c.c//three {1010} h.c.p variant planes. Therefore, platelets
could eventually grow along different preferential directions which
are identical to one another.

4.4. Growth mechanism of platelets

The evolution of precipitates is strongly affected by irradiation
through three major mechanisms: (i) radiation mixing, (ii)
radiation-enhanced diffusion, and (iii) radiation-induced segre-
gation (RIS) [16,18]. For radiation mixing, atoms are redistributed
in the collision cascades, which causes the atoms in precipitates to
be ballistically driven back into the matrix, usually resulting in
precipitate dissolution [16]. On the other hand, irradiation in-
troduces more PDs into the matrix. The diffusion coefficient under
irradiation, increases as the result of the increased PDs concen-
tration [18]. The irradiation-enhanced diffusion usually competes
with atomic mixing to reach an equilibrium growth rate of the
precipitate. Indeed, as the matrix becomes supersaturated because
of radiation mixing, radiation enhanced diffusion drives the sys-
tem back to equilibrium. Lastly, radiation induces segregation of
solute atoms to the sinks through inverse Kirkendall effect [17],
such that solute atoms with small flux against the vacancy flux, or
bounded to interstitials, would be enriched at the sinks. Then, if
the local solute concentration becomes larger than the solubility
limit, precipitation and subsequent growth of particle would
occur. There is a strong effect of solute size on the particle growth
by RIS. In general, undersized solute atoms preferentially exchange
with solvent atoms in interstitial sites and migrate as interstitials
towards the precipitate sink, whereas oversized solute atoms
migrate against the vacancy flux, away from the precipitate sink
[18]. Thus, any size difference would results in enrichment of
undersized solute and a depletion of oversized solute near defect
sinks.

In the light of these well-known irradiation effects, three main
growth mechanisms of Nb-rich precipitates can be drawn based on
the thermodynamic equilibrium of the unirradiated material.

a. The Nb in ZreNb alloys is not at equilibrium in the unirradiated
material: It is well-known that Nb is a sluggish diffusing species
in ZrNb alloys [6,17]. In addition, the Nb solubility limit in ZrNb
alloys is not well defined, such that the Nb maybe oversaturated
in the matrix in the unirradiated state. Study in Ref. [6] has re-
ported as low as 0.07 at.% of Nb in Zr matrix of low-Tin ZILO,
whereas ZreNb binary model alloys contain 0.2e0.4 at.% [5,6].
Under that hypothesis, radiation would create nucleation sites
for Nb-rich precipitates and these precipitates would grow un-
der irradiation via radiation enhanced diffusion. This mecha-
nism is supported by the fact that the precipitates formed under
irradiation are actually stable under subsequent thermal
annealing [2].

b. Native precipitate dissolution induces precipitation of Nb-rich
platelets: The native precipitates (b-Nb and Laves phases) are
mostly spherical and their interface with the matrix is most
likely incoherent [14]. As reported in Ref. [16], incoherent b-Nb
precipitates are not stable under irradiation and tends to
dissolve back into the matrix. Indeed, the particle density in
both proton irradiated ZreNb model alloys (see Fig. S11) and
neutron irradiated M5® [7] shows reduction of native pre-
cipitates after irradiation. Consequently, solute Nb content in-
creases and would be balanced by precipitation of coherent Nb-
rich particles to reach steady-state Nb concentration in the
matrix [18].

c. Nb-rich platelets grow via RIS: An interfacial dislocation acts as a
sink, potentially biased towards interstitials, that strongly at-
tracts PDs and could result growth of irradiation induced pre-
cipitates through inverse Kirkendall effect [18].

The coherency of the precipitate with the matrix can also affect
the growth mechanism. Incoherent precipitates can be considered
strong, biased or unbiased, PDs [18]. On the other hand, coherent
precipitate does not contain as much defective segment to absorb
PDs. Precipitates are thus considered a variable bias sink [18].
Consequently, the coherency strain field also affects the diffusion of
PDs to the interface since the source of the attraction of PDs to the
sink is the relief of the strain field [18].

From the 4D-STEM strain mapping in the vicinity of the irradi-
ation induced platelets, it is proposed that the growth of the
platelets is driven by the local strain field and accelerated by irra-
diation. Without irradiation, Nb is considered a slow substitutional
diffuser [6,17]. Considering the smaller size of the Nb compared to
Zr (about 8%), Nb would be relatively more concentrated as the
interstitial PDs induced by irradiations. From the 4D-STEM char-
acterization, the matrix is always under tensile strain, which in-
dicates lattice expansion along both (0002) and (0111) plane
directions. A positively strained matrix lattice would also lower the
migration barrier for interstitial Nb in ZreNb alloys. This effect
would be especially prominent under irradiation. A relatively
higher concentration of Nb interstitials would tend to migrate
faster to the SPP. Considering, the areas nearby both ends of the
platelet, which are under higher relative tensile strain along the
matrix (0002) and (0111), the most of the Nb PDs interstitials
would diffuse at the platelets’ ends to relieve the tensile coherency
strain.

In addition, the edge dislocation near the semicoherent inter-
face at the ends of the SPP can act as bias sinks for Nb PDs in-
terstitials [18]. Consequently, Nb interstitial atomswould diffuse up
the tensile stress gradient generated by dislocations and coherency
strain fields to the ends of the SPP and, as a result would enhance
the platelet growth. It is also worth noting that not only interstitial
flux can be relatively enriched in Nb but the vacancy flux as well via
vacancy drag effect [35]. Vacancy-solute drag occurs when the so-
lute and the vacancy diffuse as a complex because of attractive
binding energy and low migration barriers. The attractive binding
energy and positive drag ratio of Ni, Fe, and Cr in a-Zr calculated in
Ref. [35] could explain the strong correlation between solute-rich
nanoclusters near vacancy type dislocation loops in Zr alloys
[36,37]. The diffusion of Nb in a-Zr has been modelled in Ref. [38],
showing an attractive vacancy-Nb solute binding energy. Therefore,
it is also possible that vacancies diffuse with Nb as a complex to the
dislocation sink, which would result in the growth of irradiation
induced platelets. In summary, under the influence of coherency
strain and irradiation, once the platelets form, they act as sinks to
attract more Nb atoms to diffuse to their semicoherent interfaces
for further growth.

5. Conclusions

ZreNb model alloys have been proton irradiated up to 1 dpa at
350 �C. The irradiation induced microstructure andmicrochemistry
have been characterized using TEM/STEM/EDS/HRSTEM. Important
conclusions from this study are as follows:

� Proton irradiation induces the formation of b-Nb platelets
approximately 20e100 nm in length, containing 10e40 at.% Nb
in Zr-0.5Nb and Zr-1.0Nb irradiated at 1.0 dpa. There are no



Z. Yu et al. / Acta Materialia 178 (2019) 228e240 239
significant irradiation induced precipitation in any of the sam-
ples irradiated at 0.55 dpa.

� Particle densities measured by STEM/EDS show a reduction of
total particle density after proton irradiation, implying that
incoherent native SPPs have dissolved in the matrix. This
dissolution of native precipitates is verified by STEM/EDS
analysis.

� Although neutron irradiation induces smaller but denser Nb-
rich precipitates compared to proton irradiation, likely
because of greater atomic relocation distances, proton irradia-
tion is certainly a good process to mimic neutron irradiation
effect on ZreNb alloys, pending a parametric study to optimized
the proton irradiation conditions.

� HRSTEM analysis show that irradiation induced precipitates
have a Burgers ORs ([111]//[2110] and (0002)//(011)) with the
matrix, which is similar to the identified ORs of irradiation
induced precipitates in neutron irradiated M5® [15]. The
interface of the platelet's two ends are semicoherent while the
top/bottom interface are mostly coherent. Theoretical disloca-
tion spacing calculations indicate that a relatively significant
coherency strain field still exist at the platelet's ends albeit the
presence of dislocations.

� Strain maps around irradiation induced Nb-rich platelets have
been measured for the first time, using 4D-STEM. Areas with
positive strain in the εyy map indicate platelet has high tensile
strain along the thickness direction. The εrot map clearly show
the residual coherent strain field at the platelet's length in-
terfaces, and the dislocation induced strain fields nearby the
platelet's two ends.

� The growth mechanism of the platelets is mainly driven by the
strain field induced by interface coherency and dislocation.
Since the strain fields are larger at the platelet's ends, this
represents the preferential growth direction of irradiation
induced precipitate. Indeed, irradiation both enhances the
diffusion and induces segregation of Nb (via PDs interstitial
binding and/or solute vacancy drag) to the ends of the
platelets.
Data availably

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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