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A B S T R A C T   

The study examined the thermal-deformation behavior of an MoNbHfZrTi refractory high-entropy alloy (RHEA), 
which were hydrogenated using a liquid hydrogenation method and then subjected to high-temperature uniaxial 
compression in the deformation temperature range of 1100–1250 çC and strain rate range of 0.5–10−3 s−1. Test 
results showed that: (1) When the deformation temperature was between 1100 and 1250 çC, hydrogen addition 
led to increased high-temperature peak stress of the alloy at higher strain rates of 0.5 and 10−1 s−1. At a low 
strain rate of ~10−2 s−1, the addition of hydrogen causes a decrease in the high-temperature peak stress. 
However, at a lower strain rate of ~10−3 s−1, hydrogen addition has insigni昀椀cant effects on the high-temperature 
peak stress. (2) At a higher strain rate of ~0.5 s−1, the major reasons for hydrogen-induced hardening of the peak 
stress were solution strengthening and dislocation pinning. (3) At a low strain rate of 10−2 s−1, the reason for 
decrease of the peak stress was that the hydrogen addition promoted the formation of precipitated phases, 
thereby facilitating dynamic recrystallization (DRX), and making the microstructure more uniform at high 
temperatures.   

1. Introduction 

In recent years, with the development of science and technology, the 
service environment of metal materials has become increasingly harsh, 
which has put forward higher requirements for the mechanical proper-
ties of materials. Thus, a large number of new metal materials have 
emerged one after another. In 2004, Yeh 昀椀rst proposed the concept of 
high-entropy alloys (HEAs), which are de昀椀ned as containing 昀椀ve or 
more constituent elements, with the content of each element at between 
5 and 35 at% [1–4]. The simple structure and excellent properties of 
HEAs are closely associated with their four major effects (high entropy 
[5], hysteretic diffusion [6], lattice distortion [7], and cocktail effects 
[8]). Therefore, they have received wide attention from a large number 
of scholars in the 昀椀eld of materials. The RHEA primarily comprises of 

titanium, zirconium, hafnium, tungsten, niobium, molybdenum, 
tantalum, vanadium (Ti, Zr, Hf, W, Nb, Mo, Ta, and V, respectively), and 
other refractory elements [9]. Compared with traditional 
high-temperature alloys, RHEAs have higher high-temperature strength 
and thermal stability, and have broad application prospects in the 昀椀eld 
of aviation, aerospace, and nuclear reactors under complex working 
conditions [10–15]. However, due to coarse dendrite structure and 
casting defects, most cast RHEAs might only show limited mechanical 
properties [16]. In addition, the use of cold working is also limited due 
to the poor plasticity of RHEA at room temperature. 
Thermal-deformation processing at high temperatures can eliminate the 
coarse dendrite and columnar crystal structures in the cast metal and 
weld pores, microcracks, and other defects in the cast metal, so as to 
improve their density and mechanical properties [17–19]. However, 
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RHEAs still require extremely high deformation temperatures and great 
stresses during thermal deformation, thus making them dif昀椀cult to 
process these alloys. At present, although a great deal of research has 
been conducted on the thermal-deformation behavior of HEAs, 
compared with traditional metal materials, HEAs still have much po-
tential for development, particularly for RHEA. 

As the smallest interstitial atom in the elemental periodic table, 
hydrogen is very likely to be introduced into a material during pro-
cessing and production of metal materials, thus in昀氀uencing their struc-
tures and properties. As early as the 19th century, Johnson has 
demonstrated that hydrogen-embrittlement failure could pose a serious 
threat to the safety and stability of metal components [20]. Compared 
with research on the hydrogen embrittlement of traditional metal ma-
terials, such as iron and steel materials, the research on hydrogen 
embrittlement of HEAs is only in its initial stage. At present, the main 
research systems have focused on the FCC structures of CoCrFeMnNi 
[21], CoCrFeNi [22], FeMnNiCrCo [23], TiZrHfMoNb [24], BCC struc-
ture of FeCuCrMnMo [25], CoCrNi [26], and FeCrCoNi [27]. Compared 
with conventional metal materials, hydrogen produces less plastic 
damage to HEAs under the same hydrogen charging conditions [28]. To 
date, hydrogen in the BCC RHEA is still rarely reported, in particular, the 
effects of hydrogen on RHEAs at high temperatures have been hardly 
studied. However, at high temperatures, the presence of hydrogen af-
fects not only the high-temperature operation performance of metal 
materials, but also their hot working performance. Therefore, studying 
the effects of hydrogen on HEAs at high temperatures would be of sig-
ni昀椀cance for the use and processing of this material. 

Since 1959, when it was found for the 昀椀rst time that hydrogen can 
improve the thermal-deformation capacity of cast Ti alloys [29], people 

have begun to improve the processing performance of alloys constantly 
using hydrogen. This process includes re昀椀ning their microstructures and 
gradually developing the thermal hydrogen treatment or 
hydrogen-assisted processing technology with the help of 
hydrogen-induced plasticity, hydrogen-induced phase transition, and 
reversible alloying of hydrogen. To date, there remains great interest in 
the use of this technology in metal materials, especially refractory metal 
materials [30,31]. Based on the previous research 昀椀ndings, our research 
team has proposed a liquid hydrogenation method characterized by a 
fast hydrogenation rate and uniform hydrogen distribution following 
hydrogenation. Subsequently, a systematic study has been conducted on 
the microstructures, structures, and thermal-deformation behavior of Ti 
alloys [32] and Ti-aluminum (Al) alloy [33] after liquid hydrogenation. 
The relevant results veri昀椀ed that liquid hydrogenation can signi昀椀cantly 
improve the thermal-processing performance of materials. For RHEAs, 
there is no relevant research on whether thermal hydrogenation can 
assist in high-temperature formation. The present research assisted in 
broadening the application of the thermal-hydrogen technology and 
grasping the hot-working characteristics of RHEAs. 

In this study, the MoNbHfZrTi RHEA was 昀椀rst treated by the liquid 
hydrogenation method and then subjected to the high-temperature 
uniaxial compression at a deformation temperature ranging from 1100 
to 1250 çC at a strain rate ranging from 0.5 to 10−3 s−1, and 昀椀nally its 
thermal-deformation behavior examined. 

2. Experimental materials and methods 

The MoNbHfZrTi (at%) RHEA ingots were prepared by non-self- 
consumption high-vacuum electric arc furnace. The raw materials 

Fig. 1. (a) XRD patterns of base and hydrogenated MoNbHfZrTi RHEAs. (b) Enlarged image of (110) diffraction peaks in (a). (c, d) SEM images of base RHEA and 
hydrogenated RHEAs. 
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with purity higher than 99.9 wt% were provided by the Beijing Dream 
Material Technology Co., Ltd. High-purity argon (Ar) was used as the 
protective atmosphere during the melting process, and smelting 
repeated many times to ensure the uniformity of ingot compositions. The 
HEA ingots were subjected to hydrogenation with the liquid hydroge-
nation method, and the liquid hydrogenation of the alloy ingots 
completed after plasma arc remelting under a mixed atmosphere of 20 
vol% H2 + 80 vol% Ar. 

Cylinders with dimensions of Φ6 mm × 9 mm were cut from liquid 
hydrogenation button ingots by wire-electrode cutting for thermal 
compression experiments. The hydrogen content of all wire-electrode 
cutting samples was determined with a TCH-600 oxygen and nitrogen 
hydrogen analyzer (Leco Corp., St. Joseph, MI, USA), and the actual 
hydrogen content is 230 ppm. A high-temperature compression test was 
conducted with the Gleeble 3500 thermal simulation testing machine 
(Dynamic Systems, Inc., Poenstenkill, NY, USA), at deformation tem-
peratures of 1100, 1150, 1200, and 1250 çC, strain rates of 0.5, 0.1, 
10−2, and 10−3 s−1, and deformation at 60 %. The specimen was heated 
to the deformation temperature at a heating rate of 10 çC/s, temperature 
maintained for 180 s, and the specimen subjected to compressive 
deformation at a preset strain rate. The equipment cavity was pre- 
vacuumed to 2 Pa, using a vacuum pump and then 昀椀lled with high- 
purity Ar to prevent high-temperature oxidation of the specimen prior 
to heating. Water quenching was performed to preserve the high- 
temperature deformed structure upon specimen compression. A scan-
ning electron microscope (SEM, S–3400 N), transmission electron mi-
croscope (TEM, JEM-2100), and electron backscatter diffraction (EBSD) 
were used to analyze the microstructures and structures of the initial 
material and deformed specimens. To observe high-temperature 
microstructure following hot compression, perpendicular cuts were 
made along the center direction of the compressed specimen. The cut 
surface parallel to the compression direction was mechanically polished 
until the absence of any scratches. Then, electrolytic polishing was 

performed to obtain a mirror-like surface. The electrolytic polishing 
solution consisted of 6 vol% HClO4, 35 vol% C4H10O, and 59 vol% 
CH4O. Liquid nitrogen was used as the cooling medium during electro-
lytic polishing, and the current kept at 2.5 A. EBSD was used to observe 
the microstructure of hydrogenated thermally-compressed samples. A 
Channel 5 software was used to process all EBSD data to obtain inverse 
pole 昀椀gure (IPF) plots, grain-boundary (GB) plots, and local misorien-
tation (LM) plots. In the TEM analysis, the sample was 昀椀rst ground to a 
thickness of less than 50 μm, and then the sample was ion thinned, using 
the Gatan 691. An XRD-7000 X-ray diffractometer (Shimadzu Corp., 
Kyoto, Japan) was employed for phase identi昀椀cation, with a scanning 
range of 20–100ç and a scanning speed of 5ç/min. 

3. Results 

3.1. Initial microstructure 

The examination of XRD patterns of base and hydrogenated MoN-
bHfZrTi RHEAs is shown in Fig. 1(a). All samples exhibited a single BCC 
structure. As presented in Fig. 1(b), the (110) diffraction peak of the 
hydrogenated alloy tends to move towards a lower angle, compared 
with the base alloy, which indicates that the hydrogen atoms exist as 
interstitials in the BCC crystalline lattice. An SEM images of the micro-
structure of base and hydrogenated RHEAs showed a typical dendrite 
structure, as exhibited in Fig. 1(c) and (d). 

3.2. High-temperature stress-strain behaviors 

The true stress-true strain curve of hydrogenated RHEA was deter-
mined at different temperatures (1100–1250 çC) and strain rates 
(0.5–10−3 s−1). The curve showed that under all thermal-compression 
conditions, the stress increased sharply to the peak stress with 
increasing strain and then decreased or reached a steady state (Fig. 2(a)– 

Fig. 2. True stress-strain curve of the hydrogenated MoNbHfZrTi RHEA. (a) 1100 çC, (b) 1150 çC, (c) 1200 çC, and (d) 1250 çC.  
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(d)). Early transient increase in the stress has been associated with the 
dislocation generation and proliferation, while continuous softening of 
the stress after the peak stress associated with DRX [34–38]. At high 
strain rates of ~0.5 s−1, a sudden drop in the stress after the peak stress 
has been observed in all stress-strain curves, which is associated with the 
unlocking of Cottrell atmosphere or chemical short-range ordered (SRO) 
pinning dislocations (Fig. 2(c)) [39]. At a high temperature of ~1200 çC 
and a low strain rate of ~10−3 s−1, the 昀氀ow stress after the peak stress 
was more likely to 昀氀ow stably due to the dynamic equilibrium between 
the work hardening and dynamic recovery. The peak stress at different 
temperatures and strain rates showed that the peak stress decreased with 
increasing the temperature and decreasing the strain rate. 

It is worth noting that the serration were observed on the stress- 
strain curve. With the increase of temperature, the serrated character-
istics in the stress-strain curve became obvious at a strain rate of ~0.5 
s−1. The occurrence of this serrated plastic 昀氀ow can be attributed to 
dynamic strain aging (DSA) [40]. DSA is a process of simultaneous 
deformation and aging, which is usually caused by the interaction be-
tween solute atoms and mobile dislocations [41,42]. It is well known 
that the solute atoms in the alloy have a pinning effect on the disloca-
tion, and the dislocation will break away from this hindrance. This 
repeated locking and unlocking process led to the serrated characteris-
tics in the stress-strain curve [43]. With the increase of temperature, the 
diffusion rate of solute atoms was accelerated, resulting in the rapid 
formation of solute atmospheres near the dislocation, and the disloca-
tion can be quickly separated from the atmospheres. In other words, the 
number of repeated action of solute atoms increased, which led to a 
signi昀椀cant increase in the number of serrations in the stress-strain curve 

at 1250 çC/0.5 s−1. 
In the early stage, we have studied the hot-deformation behavior of 

the base MoNbHfZrTi in detail, and obtained the stress peaks under 
different conditions [44]. Furthermore, the peak stresses of the base and 
hydrogenated RHEAs at different deformation temperatures and strain 
rates were plotted in Fig. 3. Based on a comparison of the magnitude of 
the peak stress before and after hydrogenation, a peak stress was found 
to be associated with the strain rate. Under a high strain rate (0.5 and 
10−1 s−1), a signi昀椀cant peak stress hardening occurred in hydrogenated 
alloys. At a lower strain rate of ~10−2 s−1, peak-stress softening 
occurred in the hydrogenated alloys. However, compared with the base 
alloy, the peak stress of hydrogenated alloy changed little at a lower 
strain rate of ~10−3 s−1. 

3.3. High-temperature microstructure at high strain rates 

To further analyze the reasons for hardening and softening of peak 
stresses at different strain rates, the high-temperature microstructure of 
the compressed sample cores was observed by SEM. An SEM image was 
examined concerning the high-temperature microstructure of the hy-
drogenated MoNbTaZrTi RHEA at a large strain rate of ~0.5 s−1 and 
different temperatures (1100–1250 çC) following hot compression 
(Fig. 4). After thermal compression, a typical “昀氀ow line " type feature 
gradually formed at the sample center. The original structure, grain 
boundaries, second phase, and segregation gradually formed a hot- 
processed 昀椀ber structure. The 昀椀ber structure wrapped with the orig-
inal grains is few and narrow (Fig. 4(a) and (b)). As the temperature 
increased, the 昀椀ber structure increased signi昀椀cantly. (Fig. 4(c) and (d)). 

Fig. 3. Comparison of peak stresses of base and hydrogenated MoNbHfZrTi RHEAs under different hot deformation conditions. (a) 0.5, (b) 10−1, (c) 10−2, and (d) 
10−3 s−1. 
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At this point, the area of the original fragmented structure became 
smaller. Due to the short deformation time at a high strain rate of 0.5 
s−1, it was impossible to provide suf昀椀cient time for the movement of 
atomic diffusion and dislocation, such that the alloy could not be fully 
deformed. As a result, its rheological resistance was large. 

3.4. Formation of precipitated phases at low strain rates 

A SEM image of the high-temperature microstructure of the hydro-
genated MoNbHfZrTi RHEA at different temperatures (1100, 1150, 
1200, and 1250 çC) and low strain rate (10−2 and 10−3 s−1) following 
hot compression was examined (Fig. 5). Under high-power SEM, 昀椀ne 
particles were observed to precipitate along the deformation 昀椀ber 
structure, being less than microns in size and small in number, dispersed 
(Fig. 5(a)). The number of precipitated phases gradually increased as the 
deformation temperature increased (Fig. 5(b)). Due to a further increase 
in the deformation temperature, the precipitated phases increased more 
signi昀椀cantly in the number and size and were concentrated at the 
deformation 昀椀ber structure (Fig. 5(c)). When the deformation temper-
ature reached 1250 çC, the precipitated phase became thick and 
exhibited rod shapes (Fig. 5(d)). Under the strain rate of 10−2 and 10−3 

s−1, the size and number of precipitated phases in the alloy show similar 
trends. Fine particles were precipitated along the deformation-昀椀ber 
structure (Fig. 5(e)) and, as the deformation temperature increased, 
the precipitated phases increased signi昀椀cantly in the number and size 
(Fig. 5(f) and (g)). When the deformation temperature reached 1250 çC, 
larger precipitated phases were clearly observed (Fig. 5(h)). The 
microstructure after hot compression at 1250 çC/10−3 s−1 was analyzed 
by SEM-EDS, as shown in Table 1. The results show that Hf is enriched in 
the dendrite region of the alloy, and the composition of the white 
precipitated phase is very similar to that of the dendrite region. 

In the microstructures at higher strain rates above, no formation of 

precipitated phases was observed. With increasing temperature and 
decreasing strain rate, the size of the precipitated phase increased, 
indicating that the growth of precipitated phases required certain energy 
conditions. The rise of temperature facilitated further growth of the 
precipitated phase, and decreasing strain rate provided suf昀椀cient time 
for the precipitated phase to form and grow. Subsequently, the precip-
itated phase generated along the boundaries of fragmented original 
grains reduced the obstruction of dislocation movement caused by the 
grain boundary, which in turn reduced the high-temperature deforma-
tion strength of the material. At a lower strain rate of 10−3 s−1, a more 
signi昀椀cant precipitation phase was observed, but the deformation 
resistance at this time was already very small, ~100 MPa. Therefore, 
even if the precipitate caused softening, the peak stress change was 
limited. 

Fig. 6(a) is the TEM image of the hydrogenated MoNbHfZrTi RHEA 
after hot compression at 1250 çC/10−3 s−1. The white rod-like or 
granular precipitated phase is distributed on the gray matrix of the alloy, 
which is consistent with the results observed by the SEM (Fig. 6(d)). The 
selected area electron diffraction (SAED) pattern in Fig. 6(b) can 
determine that the alloy matrix is a disordered BCC solid-solution 
structure. At the same time, the SAED pattern in Fig. 6(c) shows that 
the precipitated phase is also a BCC structure. The high temperature and 
low strain rate during hot deformation provide suf昀椀cient energy and 
time for the formation of precipitated phase, respectively. 

3.5. DRX behavior of the hydrogenated MoNbHfZrTi RHEA 

It is well known that the softening mechanism of the high- 
temperature deformation of materials is primarily associated with 
DRX, and this process is highly dependent on the microstructure of the 
material, such as the size and number of precipitated phases [45]. To 
this end, the effects of hydrogen precipitations on the DRX of the 

Fig. 4. SEM images of the hydrogenated RHEA at a strain rate of 0.5 s−1 and different temperatures following hot deformation. (a) 1100 çC, (b) 1150 çC, (c) 1200 çC, 
and (d) 1250 çC. 
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MoNbHfZrTi RHEA following hydrogenation were examined. The EBSD 
observation was conducted of samples at a strain rate of 10−2 s−1 and 
different deformation temperatures (1100 and 1250 çC, observation 
sites all located in the center area of uniform sample deformation) and a 
comparison performed with the DRX process of base alloys, as shown in 
Fig. 7. 

The inverse pole 昀椀gure (IPF), grain boundary (GB), and local 
misorientation maps (LM) of these alloys were determined under 
different deformation conditions. According to the key stereographic 
triangle, the color of the IPF diagram shows the crystallographic 
orientation parallel to the compression axis. In the GB diagram, red 
represents low-angle grain boundaries (2ç f θ < 15ç, LAGBs), and blue 

Fig. 5. SEM images of the hydrogenated RHEA at various temperatures and strain rates following hot deformation. (a) 1100 çC/10−2 s−1, (b) 1150 çC/10−2 s−1, (c) 
1200 çC/10−2 s−1, (d) 1250 çC/10−2 s−1, (e) 1100 çC/10−3 s−1, (f) 1150 çC/10−3 s−1, (g) 1200 çC/10−3 s−1, and (h) 1250 çC/10−3 s−1. 
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denotes high-angle grain boundaries (θ g 15ç, HAGBs). Fig. 7 (a) and (d) 
are the IPF images of the base and hydrogenated RHEAs after hot 
compression at 1100 çC/10−2 s−1, respectively. The necklace-like 
structure perpendicular to the compression direction showed 昀椀ne, 
orthoscopic DRX grains regrown along the boundaries of the original 
fragmented recrystallized grains. These 昀椀ne crystalline grains joined 
together to form a 昀椀ber strip during thermal deformation. Table 2 
summarizes the recrystallization area fraction (fDRX), average recrys-
tallized grain size (DDRX), low-angle grain boundaries (LAGBs) and high- 
angle grain boundaries (HAGBs) of base and hydrogenated RHEAs at a 
strain rate of 10−2 s−1 and different deformation temperatures. Under 
the same deformation conditions, the fDRX of the hydrogenated alloy is 
40.1 %, which is signi昀椀cantly higher than 23.4 % of the base alloy. This 
trend indicates that the addition of hydrogen promotes the occurrence of 
DRX. The phenomenon is further con昀椀rmed by the increase of high- 
angle grain boundaries from 18.4 % to 32.2 % in the corresponding 
GB diagram (Fig. 7(b) and (e)). When the temperature rises to 1250 çC, 
the DRX degree and DDRX of the hydrogenated RHEA greatly increased 
(Fig. 7(g)). 

It is worth noting that the 昀椀ne grains located inside the initial grains 
are observed in Fig. 7(g), and the transformation from LAGBs to HAGBs 
is also found in Fig. 7(h). These are typical characteristics of continuous 
dynamic recrystallization (CDRX). During the hot-deformation process, 
the misorientation of the sub-structures increases by continuously 
absorbing the surrounding dislocations until the CDRX grains with 
LAGBs are formed. For RHEAs, the CDRX mechanism generally occurs at 
high temperatures and low strain rates [46]. As shown in the LM pattern 

of base and hydrogenated RHEA (Fig. 7(c), (f) and (i)), the DRX region 
was located around coarse grains with low local misorientation, while 
the local misorientation in the DRX region was very low. The average 
value of local misorientation was positively correlated with the average 
level of the dislocation density. In other words, a higher overall dislo-
cation density resulted in a greater average value of local misorienta-
tion. At 1100 çC/10−2 s−1, as shown in Fig. 7(c) and (f), the average local 
misorientation of the hydrogenated RHEA is signi昀椀cantly lower than 
that of the base RHEA, which indicates that the enhanced DRX can 
reduce the dislocation density and the degree of work hardening. With 
increasing the temperature, the average local misorientation of the hy-
drogenated RHEA decreases signi昀椀cantly, as shown in Fig. 7(i). 

4. Discussion 

4.1. Hydrogen-induced hardening at a high strain rate 

The peak stress of the hydrogenated MoNbHfZrTi RHEA increased 
with hydrogen addition at high strain rates (0.5 and 10−1 s−1). This is 
mainly attributed to the solid solution strengthening effect induced by 
hydrogen. It is well known that dislocation motion is a common mech-
anism for plastic deformation of alloys [47]. Plastic deformation in BCC 
alloys is dominated by screw dislocations [48]. However, RHEAs are 
different from other dilute alloys. It has been shown that the excellent 
elevated temperature strength of CrMoNbV and NbTaTiV RHEAs are 
mainly caused by edge dislocations [49]. Recently, Tseng et al. [50] 
found that the slip mode of HfMoNbTaW RHEA is screw dislocation at 
room temperature, while the slip mode changes to edge dislocation at 
high temperature. Therefore, it can be reasonably speculated that the 
high temperature plastic deformation of MoNbHfZrTi RHEA is mainly 
controlled by edge dislocations. 

As an interstitials, hydrogen atoms easily accumulate in the 
compressive stress region of edge dislocation. Hence, hydrogen can 
enhance the pinning effect of edge dislocations and hinder its 

Table 1 
Chemical compositions of the dendritic (A) and precipitated phase (B) in Fig. 5 
(h) measured by the SEM–EDS (the atomic percentage).  

Region Zr Nb Mo Ti Hf 
Dendrite (A) 13.51 20.26 15.39 18.02 32.82 
Precipitated phase (B) 16.58 15.69 14.89 17.80 35.04  

Fig. 6. (a) TEM image of the hydrogenated RHEA deformed at 1250 çC/10−3 s−1. (b, c) The SAED patterns corresponding to the matrix and precipitated phases.  
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movement, which leads to the strengthening of work hardening of alloy 
[51]. On the other hand, due to the high strain rate during thermal 
deformation, dislocations do not have enough time to annihilate and 
cancel. The strengthening effect between hydrogen and edge disloca-
tions is higher than the softening effect of dynamic recovery. Therefore, 
at high strain rate, the peak stress of hydrogenated RHEA is higher than 
that of base RHEA. 

4.2. Effects of hydrogen precipitation on DRX 

Recrystallization is de昀椀ned as “the formation of new grain structures 
following the formation and migration of high-angle grain boundaries 
driven by the stored energy in deformed materials” [52]. During thermal 
deformation, the DRX process is in昀氀uenced by precipitated phase par-
ticles, which change the stored deformation energy and thus affect the 
driving force of recrystallization. In addition, these particles can 
signi昀椀cantly change the formation and migration of HAGBs [53]. They 

are formed before, after, or concurrently with recrystallization, which 
also results in complex interactions with the recrystallization process. 
They can delay or accelerate recrystallization, depending on their size, 
number, and spatial distribution. 

Due to their complexity, the effects of precipitated phase particles on 
recrystallization behavior were summarized below. On one hand, the 
effects of 昀椀nely dispersed particles on recrystallization are generally 
explained by Zener pinning theory [54]. This theory points out that 
昀椀nely dispersed precipitated phases tend to hinder the movement of 
grain boundaries and further slow-down recrystallization and grain 
growth. On the other hand, the effects of coarse second-phase particles 
on recrystallization are almost entirely concentrated on 
particle-stimulated nucleation (PSN), which often leads to the acceler-
ated DRX. Similar to most nucleation mechanisms, two necessary con-
ditions need to be met for nucleation. One is the generation of HAGBs 
and the other the requirement of reaching the critical nucleation size 
[55]. The critical nucleation size of PSN cannot be calculated accurately 
as it is not a constant, but it is generally considered that PSN tends to 
occur at precipitated phase particles >1 μm. Kondad et al. [56] have 
demonstrated that PSN occurs in precipitated phase particles of 
approximately 1.5–2 μm using the 3D-EBSD technology. In this section, 
in the hydrogenated MoNbHfZrTi RHEA, a 1–2 μm precipitated phase 
was produced in the microstructure. This feature meant that it satis昀椀ed 
the nucleation conditions of PSN and can accelerate DRX, resulting in 
stress softening [57–60]. 

Fig. 7. EBSD patterns of the base and hydrogenated RHEAs at a strain rate of 10−2 s−1 and different temperatures. (a) IPF, (b) GB, and (c) LM maps of the base RHEA 
at 1100 çC; (d) IPF, (e) GB, and (f) LM maps of the hydrogenated RHEA at 1100 çC; (g) IPF, (h) GB, and (i) LM maps of the hydrogenated RHEA at 1250 çC. 

Table 2 
The fDRX, DDRX, LAGBs, and HAGBs of the base and hydrogenated RHEAs.  

Alloys Temperature 
(çC) 

fDRX 
(%) 

DDRX 
(μm) 

LAGBs 
(%) 

HAGBs 
(%) 

Base RHEA 1100 23.4 4.8 81.6 18.4 
Hydrogenated 

RHEA 
1100 40.1 5.4 67.8 32.2 
1250 73.2 21.7 25.1 74.9  
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5. Conclusions 

A high-temperature uniaxial compression experiment was carried 
out on the hydrogenated MoNbHfZrTi RHEA at different temperatures 
(1100–1250 çC) and different strain rates (0.5–10−3 s−1). The effects of 
hydrogen on the elevated-temperature deformation behavior of HEAs 
under different heat deformation conditions were examined by SEM and 
EBSD methods. The following conclusions were drawn.  

(1) When thermal deformation occurred at a large strain rate (0.5 
and 10−1 s−1), the peak stress of the hydrogenated samples 
increased. At lower strain rates (~10−2 s−1), the peak stress of the 
hydrogenated samples decreases and, at even lower strain rates 
(~10−3 s−1), there were no signi昀椀cant changes due to the low 
peak stress.  

(2) At a large strain rate (0.5 and 10−1 s−1), only a few thermal 
processing 昀椀ber structures were generated in the hydrogenated 
sample, which had a small size and many fragmented original 
structures. The peak stress of the hydrogenated samples was 
hardened during thermal deformation as a result of the pinning 
effect and solution-strengthening effects of hydrogen.  

(3) At a low strain rate (~10−2 s−1), the thermal-processing 昀椀ber 
structure in the samples became more “slender,” suggesting suf-
昀椀cient deformation. The addition of hydrogen facilitated the 
generation of precipitated phases in HEAs at smaller strain rates. 
The DRX accelerated in the precipitated phase particle formation 
satisfying the conditions of the PSN mechanism, thereby 
decreasing the hydrogen-induced peak stress of these alloys. 
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