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ABSTRACT

Aiming for an increased surface hardness and a better wear resistance of TiZrNbHfTa, we investigate a two-step process combining oxidation
of rolled, ultrafine-grained, single-phase bcc TiZrNbHfTa in air at 550 �C with a vacuum heat treatment process at 1200 �C, including subse-
quent quenching. The first process step is associated with the formation of a surface oxide layer, a phase decomposition of the bulk, and oxy-
gen ingress into the bulk, leading to an oxygen-enriched subsurface region containing internal oxides. The second process step is capable of
restoring the single-phase nature of the bulk TiZrNbHfTa. At the same time, the presence of a compact surface oxide layer of 1–2 lm and an
oxygen-enriched subsurface region underneath is preserved. The oxygen present in the subsurface region stabilizes a two-phase regime con-
sisting of a Hf- and Zr-rich hcp phase and an Nb- and Ta-rich bcc phase, with the oxygen being interstitially dissolved predominantly in the
hcp phase.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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The equimolar refractory high entropy alloy TiZrNbHfTa, first
presented by Senkov et al.,1 is exceptional because it is single-phase
base-centered cubic (bcc) at room temperature,1,2 upon quenching
from temperatures above 1020 �C, and still exhibits ductile behavior.3,4

Many other favorable material properties, such as a high compressive
yield strength5,6 or a good fatigue behavior,7 are attributed to
TiZrNbHfTa. Owing to its low Young’s modulus of 93.3GPa,4

TiZrNbHfTa is also discussed as an implant material,8 including appli-
cations such as artificial joints. For artificial joints, high wear resistance
is of utmost importance to avoid revision surgeries due to the occur-
rence of wear debris, which can cause inflamations.9 To address
this issue, oxidation has been studied as one method to generate a
hard, adherent surface oxide layer on a TiZrNbHfTa substrate.10

Yet, coarse-grained TiZrNbHfTa with a grain size of approximately
50lm or more is prone to oxide layer spallation, leading to severely
degraded surfaces during high-temperature oxidation.8,10–12 This phe-
nomenon is also encountered in other refractory high entropy alloys.13

In contrast, single-step oxidation of ultrafine-grained
TiZrNbHfTa in air at 550–650 �C for up to 24 h leads to the formation
of a hard, adherent surface oxide layer on top of an oxygen-enriched
region containing internal oxides.10 Figure 1(a) schematically repre-
sents the temperature profile of such a single-step oxidation process.
As the phase diagram in Fig. 1(b) shows and other works14–16 confirm,
the initial single-phase bcc state, herein called bcc1, is not stable in the
temperature range of 550–650 �C. Instead, a phase decomposition into
a Nb- and Ta-rich bcc2 and a Hf- and Zr-rich hexagonal-close packed
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(hcp) hcp1 phase occurs.10 Figure 1(c) shows the initial microstructure
of ultrafine-grained TiZrNbHfTa cold-rolled sheet material provided by
E. P. George, Oak Ridge National Laboratories. The details on the
manufacturing process can be retrieved from Gadelmeier et al.17 As visi-
ble in Fig. 1(d), single-step oxidation not only leads to the formation of a
surface oxide layer (SOL) on top of an oxygen-enriched subsurface
region (OER) with internal oxides but also affects the bulk material due
to the phase decomposition, as discussed in our previous work.10 Such a
phase decomposition and the associated microstructure change can
completely alter mechanical properties such as the hardness, strength, or
ductility of the bulk material.14,18 This is an unintended side effect when
deploying single-step oxidation as a method of surface hardening. At
this point, the question arises if an additional heat treatment process
step can restore the initial bcc1 single-phase character of the bulk mate-
rial and how it would affect the presence of the surface oxide layer and
the oxygen-enriched zone containing internal oxides.

In this work, a two-step oxidation process is realized, combining
a single-step oxidation of ultrafine-grained TiZrNbHfTa at 550 �C for
24 h in air with a vacuum heat treatment step at 1200 �C for 1 h, fol-
lowed by water quenching, as shown in Fig. 1(a). According to the
TiZrNbHfTa phase diagram in Fig. 1(b), 1200 �C is suitable for the for-
mation of the single-phase bcc1 state. Both process steps are carried
out in a laboratory furnace. For the vacuum heat treatment, specimens
are encapsulated in an evacuated quartz glass tube (4� 103 Pa), as visi-
ble in Fig. 1(a). Figure 1(e) provides an overview micrograph of the
resulting microstructure.

More detailed cross section images are investigated, obtained via
backscattered electron imaging on a Zeiss 1540 ESB Cross Beam scan-
ning electron microscope (SEM) equipped with a Thermo Noran
System Six energy-dispersive X-ray spectroscopy (EDS) system. Figure
2(a) shows that the bulk microstructure after two-step oxidation is like
that of coarse-grained single-phase bcc1 TiZrNbHFTa.10,17 This does

FIG. 1. (a) Schematic representation of
the single-step and the two-step process
with an image of the deployed quartz
glass tubes and (b) TiZrNbHfTa phase
diagram. (c)–(e) Backscattered SEM
images revealing the microstructure of the
initial state and after the single- and two-
step oxidation process, as indicated in (a).

FIG. 2. (a) Detailed backscattered SEM
images of TiZrNbHfTa after the two-step
oxidation process with (b) corresponding
EDS elemental mappings.
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not apply to the microstructure in the upper �80lm close to the
specimen surface. The backscattered SEM images reveal that a 2lm
thick surface oxide layer is still present. Beneath, 1–2lm sized, larger
grains with smaller, darker-appearing grains of �0.5lm size in
between are apparent. After a depth of �25lm from the surface, the
smaller, darker-appearing grains tend to occur in the form of lamella
at the grain boundaries. According to the EDS mappings presented in
Fig. 2(b), the smaller, darker-appearing grains are rich in Zr, Hf, and
O. The high oxygen concentration above 30at. % at the specimen sur-
face indicates the presence of a surface oxide layer.

Closer composition analysis of the two-phase region is performed
using a CAMECA LEAP 5000 XR atom probe tomography (APT)
device. For this purpose, APT needles are prepared from the surface-
near region, as indicated in Fig. 3(a). A concentration profile covering
the interface between a smaller and a larger grain is extracted from the
dataset, as shown in Fig. 3(b). Figure 3(c) shows the corresponding
concentration profiles. Consistent with the EDS mappings, the
�0.5lm sized, smaller grains are rich in Zr and Hf and contain a sig-
nificant amount of �20 at. % oxygen. Compared to the surrounding
larger grains, they have less Ti, while they are completely depleted in

Nb and Ta. It is worth noting that also the Nb- and Ta-rich larger
grains contain�3 at. % of oxygen. The qualitative course of the respec-
tive concentration profiles at the interface is similar to those reported
by Chen et al.15 between a Nb- and Ta-rich bcc phase and a Hf- and
Zr-rich hcp phase evolving due to a phase decomposition of single-
phase TiZrNbHfTa at 700 �C. However, the relative elemental concen-
trations determined for the small and large grains in the subsurface
region after two-step oxidation differ due to the additional presence of
oxygen.

To investigate if the presence of oxygen is associated with the for-
mation of internal oxides or if the oxygen is interstitially dissolved,
X-ray photoelectron spectroscopy (XPS) is performed. For this pur-
pose, the surface oxide layer is removed by grinding. This reveals the
two-phase subsurface region, as shown in the SEM image in Fig. 4(a).
After 200min of sputtering with argon ions at 3 kV, the measurement
is performed using a PHI 5000 VersaProbe III system. Figure 4(a) pro-
vides the XPS spectra according to which Ti, Nb, and Ta are present
solely in the metallic state. Zr and Hf are also present dominantly in
the metallic state, with minor amounts in the oxidized state. The for-
mation of a native oxide layer on TiZrNbHfTa at ambient conditions,

FIG. 3. (a) Visualization of the region from
which APT needles are extracted, (b)
cross section view of the analyzed region
of interest covering an interface between
a smaller and a larger grain, and (c) con-
centration profiles close to the interface as
indicated by the dashed arrow in (b).

FIG. 4. (a) Surface XPS spectra of
TiZrNbHfTa after two-step oxidation,
mechanical removal of the surface oxide
layer, and 200min of sputtering with argon
ions and (b) surface XRD diffractogram of
TiZrNbHfTa after two-step oxidation and
mechanical removal of the surface oxide
layer (SOL), as schematically visualized,
including a refinement model of the exper-
imental data.
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predominantly containing ZrO2 and HfO2,
19,20 underlines the high

oxygen affinity of Zr and Hf. Such a high oxygen affinity can explain
the occurrence of ZrO2 and HfO2 even after sputtering due to smallest
quantities of oxygen remaining in the vacuum chamber during the
XPS measurement. However, the dominance of peaks corresponding
to the metallic state indicates that the oxygen is interstitially dissolved.

Interstitially dissolved oxygen in the subsurface region of
TiZrNbHfTa after the two-step process is also suggested by an X-ray
diffraction analysis (XRD) performed with a Bruker D8 discover using
CuKa1 monochromatic X-rays and a Bragg–Brentano setup. The mea-
surement is done with a primary optics opening degree of 0.3� in the
coupled theta/2theta mode covering the 2theta range 20�–140� at a
step size of 0.01�. Figure 4(b) shows that besides reflections corre-
sponding to the single-phase bcc1 bulk, the subsurface region is multi-
phase, containing an hcp1 and a bcc2 phase. Given the high oxygen
solubility of hcp Ti,21 Zr,22,23 and Hf,24,25 it is apparent that the
oxygen-rich small grains have an hcp crystal structure, while the larger
surrounding grains are bcc2. The magnified excerpt of the diffracto-
gram in Fig. 4(b) reveals that the hcp and bcc reflections both exhibit
pronounced asymmetric tails at the lower-angle side. These can be
explained by a lattice distortion due to the interstitial oxygen. A shift of
the positions of the reflections due to interstitial oxygen, associated
with increased lattice constants, is confirmed for a-titanium alloys.26,27

Also, for bcc TiZrNbHf, an increase in lattice constants due to oxygen
dissolution has been reported.28 Since the diffractogram convolutes
information originating from different depths and the oxygen concen-
tration decreases over depth, the observed asymmetric tails at the
lower-angle side are plausible. To account for those in a Rietveld
refinement model, an additional hcp(O) and bcc(O) phase is added.

Hardness measurements are performed to assess the effect of the
two-step oxidation process on the surface hardness. Figure 5(a) depicts
the results of HV 0.01 Vickers surface hardness measurements, per-
formed using a Fischerscope HM 2000 microhardness tester, and of
HV 0.5 measurements, performed using an Innovatest FALCON 500.
In both cases, the surface oxide layer on top of an oxygen-enriched
subsurface region significantly increases the hardness compared to the
initial state. As schematically shown in Fig. 5(a), the indenter does not
penetrate the surface oxide layer during HV 0.01 measurements, which
is in contrast to the HV 0.5 measurements. This explains the higher
surface hardness values obtained in the case of the HV 0.01 measure-
ments, where only the oxides are measured that are typically harder
than the metal they form from.29,30 In addition to the Vickers surface
hardness measurements, a series of depth-controlled (0,2lm) Martens

hardness measurements, also using a Fischerscope HM 2000, is real-
ized on the cross section of a specimen after the two-step oxidation
process. Figure 5(b) points out that the hardness decreases gradually
over depth in the oxygen-enriched subsurface region, while the bulk
hardness is constant. This is also observed for oxygen-enriched subsur-
face regions in, e.g., titanium alloys, where there is a correlation
between oxygen concentration, also decreasing over depth, and hard-
ness.26,31 The large data scatter in the oxygen-enriched subsurface
region is due to the presence of hcp1 and bcc2 grains, with the hcp
grains having a higher hardness.

This work shows that the vacuum heat treatment during the two-
step process can restore the single-phase bcc nature of the
TiZrNbHfTa bulk material after single-step oxidation in air. The sub-
surface region, containing internal oxides after single-step oxidation, is
altered to an hcp1/bcc2 two-phase region with interstitially dissolved
oxygen. Known as an hcp phase stabilizing element in Ti, Zr, and Hf,
oxygen in TiZrNbHfTa stabilizes the two-phase state compared to the
single-phase bcc1 state. At the same time, the presence of a surface
oxide layer is maintained. This surface oxide layer has a much higher
hardness of 15096 164 HV 0.01 (6 standard deviation) compared to
the untreated ultrafine-grained TiZrNbHfTa with a hardness of
5016 65 HV 0.01, which is beneficial for tribological applications.
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