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Abstract: The effect of continuous multistep hydrogenation treatment (CMHT) step on the microstructure of TC21 
alloy was investigated by OM, XRD and TEM. Compressive properties of CMHT-processed TC21 alloys under diverse 
compressive velocities were also studied through room-temperature compression experiments. Results showed that the 
amount of α phase decreased and the amount of β phase and δ hydride increased as the CMHT step increased. α' 
martensite occurred only in TC21 alloy processed by one step CMHT. The deformation limit of CMHT-processed TC21 
alloys showed the same change law under diverse compressive velocities, which decreased first, then increased, and 
finally decreased again as the CMHT step increased. The maximum increase of the deformation limit of TC21 alloy 
after CMHT reached 93.96% as compared to the original TC21 alloy. Reasons for the change of compressive properties 
of TC21 alloy processed by CMHT were analyzed. 
Key words: TC21 alloy; continuous multistep hydrogenation treatment; microstructure; room-temperature compressive 
property 
                                                                                                             

 
 
1 Introduction 
 

Since the 21st century, the consumption of 
resources on the earth continues to increase,  
leading to the increasingly scarce resources and 
environmental deterioration. Numerous researchers 
are trying to find advanced structural materials with 
excellent performance to replace conventional 
materials [1−3]. The development directions of  
new products are lightweight, high reliability and 
long life. Titanium and titanium alloy materials 
have outstanding advantages [4−6], such as 
excellent corrosion resistance [7−9], high specific 
strength [10,11], good fatigue resistance and no 
magnetism [12−14]. Titanium industry develops 
rapidly due to the urgent needs of the aerospace 

technology [15]. The applications of titanium alloy 
in aerospace [16−18], shipbuilding [19−21], 
petrochemical [22−24], metallurgy and daily life 
are becoming wider and wider. TC21 alloy is a new 
type of α+β titanium alloy with high strength, high 
toughness and damage tolerance property [25], 
which is developed by the Northwest Institute for 
Nonferrous Metal Research (China) and has been 
applied in the fields of aerospace and civil [26−28]. 
Nonetheless, the room- temperature formability of 
TC21 alloy is poor due to its large deformation 
resistance and poor plasticity, limiting the further 
applications of TC21 alloy. 

Fortunately, thermohydrogen treatment (THT), 
a type of technique to utilize hydrogen as a 
provisional alloying element in titanium alloy,   
can modify the microstructures and enhance the 
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mechanical properties of titanium alloy [29−31]. 
MA et al [32] studied the influence of hydrogen 
content on room-temperature compressive properties 
of Ti44Al6Nb alloy and found that the plasticity of 
Ti44Al6Nb alloy with 0.42 at.% H increased by  
31% as compared to the original Ti44Al6Nb alloy. 
YUAN et al [33] researched the room-temperature 
compressive properties of TC21 alloy treated by 
THT at 750 °C and found that the deformation limit 
of TC21 alloy with 0.9 wt.% H increased by 30% as 
compared to the original TC21 alloy. In our 
previous work [34], we proposed a new type of 
THT, continuous multistep hydrogenation treatment 
(CMHT), to improve the compressive properties of 
Ti6Al4V alloy and found that the deformation limit 
of eight steps CMHT-processed Ti6Al4V alloy 
increased by 83.83% as compared to the original 
Ti6Al4V alloy. However, the effect of CMHT on 
the compressive properties of TC21 alloy was still 
not studied. 

In this work, we studied the microstructures of 
TC21 alloy processed by CMHT at 850 °C under 
diverse CMHT steps. The effects of CMHT step 
and compressive velocity on the room-temperature 
compressive properties of TC21 alloy were also 
investigated. This work provided a new method to 
improve the room-temperature plasticity of TC21 
alloy, which was beneficial to the room-temperature 
forming of TC21 alloy. 
 
2 Experimental 
 

Material employed in this work was TC21 
alloy. Chemical composition of the as-received 
TC21 alloy was 7.69 Al, 2.09 Mo, 1.43 Cr, 1.74 Zr, 
2.17 Sn, 1.72 Nb, and balance Ti (wt.%). TC21 
alloy specimens with the size of d6 mm × 9 mm 
were first polished on a polishing machine, then 
washed in an ultrasonic cleaner, and finally dried. 
These operations ensured that the oxide layer on the 
specimen was removed and the surface of specimen 
was clean. 

The process of CMHT was carried out in a 
tube-type furnace. Specimens were processed by 
CMHT at 850 °C under diverse CMHT steps (one 
step, four steps, seven steps, nine steps and eleven 
steps). The resistance furnace began to heat up with 
a velocity of 10 °C/min after the vacuum degree of 

the hydrogenation system was below 1.0×10−3 Pa. 
The tube-type furnace was first inflated with 
hydrogen of 11.325 kPa, and then inflated a certain 
quantity of hydrogen (10 kPa) at each interval of 
1 h. After hydrogenation, the resistance furnace was 
pulled away from the location where the specimens 
were put, and then the specimens in the furnace 
tube were air cooled to room temperature. The 
change of hydrogen pressure in the process of 
CMHT was recorded by a digital manometer. The 
hydrogen pressure after holding for 1 h was 
recorded as equilibrium hydrogen pressure because 
the hydrogen absorption reaction was in an 
equilibrium stage at this moment. The hydrogen 
content of CMHT-processed specimen depended on 
the mass of the specimens before and after the 
process of CMHT. The mass of all specimens was 
measured using a high accuracy electronic balance 
with a sensitivity of 1×10−5 g. Hydrogen content in 
the CMHT-processed specimen was expressed as 
H/M (the ratio of hydrogen to metal atoms). 

X-ray diffractometer (XRD, X’Pert PRO MPD, 
working voltage was 40 kV, working electricity was 
40 mA, scanning velocity was 6 (°)/min) with 
Cu Kα radiation was used to investigate the phase 
composition of CMHT-processed specimens. The 
microstructural characterization was researched by 
optical microscopy (OM, YUESHI YM450R) and 
transmission electron microscopy (TEM, TECNAI 
G2 F20). OM specimens were ground and polished 
with sandpapers of 600#, 800# and 1000# grit 
serially, and the metallographic corrosion was 
carried out with etchant consisting of 1 mL HF, 
2 mL HNO3 and 6 mL H2O. Foils for TEM research 
were polished to 100 μm and then milled through 
an ion milling facility (MODEL-691, working 
voltage was 5 kV, and incidence angle was 4°). 

Room-temperature compression experiments 
were conducted with diverse compressive velocities 
(0.5, 5, 50, 100, 200 and 400 mm/min) on an 
axial/torsional test system (MTS landmark). The 
plastic degree was ruled as deformation limit εc, 
which was the strain value between εb (the ultimate 
compressive strain when the flow stress reached its 
maximum) and ε0.2 (the 0.2% yield strain). The 
microhardness of specimens was measured using a 
digital microhardness tester (HVS−1000A) with a 
load of 4.9 N and a holding time of 30 s. 
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3 Results and discussion 
 
3.1 Pressure−composition (P−C) isotherms 

Figure 1(a) presents the P−C isotherms of 
TC21 alloy during the process of CMHT at 850 °C 
under diverse CMHT steps. The equilibrium 
hydrogen pressure during the process of CMHT 
increased nonlinearly as the H/M increased. The 
coincidence degree of these P-C isotherms was high, 
indicating that the results of CMHT experiments 
were credible. The difference between initial 
hydrogen pressure and equilibrium hydrogen 
pressure at each CMHT step was defined as ΔP, as 
shown in Fig. 1(b). ΔP decreased gradually as the 
CMHT step increased, illustrating that the reaction 
rate of hydrogen and titanium decelerated as the 
CMHT step increased when TC21 alloy was 
processed by CMHT at 850 °C. 

 
3.2 OM observation 

Figure 2 presents the optical microscopy 
images of the original TC21 alloy and alloys 
processed by CMHT at 850 °C under diverse 
CMHT steps. The original TC21 alloy consisted of 
a great number of white α phase and a few black β 
phase, as shown in Fig. 2(a). The microstructures of 
TC21 alloy changed apparently after being 
processed by CMHT at 850 °C under diverse 
CMHT steps. As shown in Fig. 2(b), when TC21 
alloy was processed by one step CMHT, the 
contrast of α phase blackened and that of β phase 
whitened as compared to the original TC21 alloy. 
The electrochemical potential of β phase was 
enhanced when hydrogen was introduced into TC21 

alloy at 850 °C, because hydrogen as a β stable 
element could enhance the electrochemical 
potential of β phase [35]. The electrochemical 
potential of α phase weakened due to the crystal 
defects and internal stresses caused by hydride in α 
phase [35]. A few fine α' martensite was discovered 
in TC21 alloy processed by one step CMHT, 
because some β phase transformed into α' 
martensite through the eutectoid reaction of β→α′ 
during the cooling stage of CMHT. Moreover, the 
amount of α phase decreased and the amount of β 
phase increased because hydrogen increased    
the stability of β phase [36]. Therefore, more β 
phase remained steady at room temperature. 
Microstructures of TC21 alloy were similar when 
the CMHT step was four, seven, nine and eleven, as 
shown in Figs. 2(c−f), respectively. The original α 
phase transformed into β phase and some bulbous α 
phase precipitated from β phase during the cooling 
stage of CMHT. β phase became the major phase 
due to the increase of hydrogen content, and clear β 
grain boundaries appeared in TC21 alloy when the 
CMHT step was four, seven, nine and eleven. As 
the CMHT step increased, β phase became more 
stabilized, because hydrogen content increased with 
increase of the CMHT step. The grain size was 
enlarged as the CMHT step increased because the 
holding time was longer at the higher CMHT steps. 

 
3.3 XRD analysis 

Figure 3 reveals the XRD patterns of the 
original TC21 alloy and alloys processed by CMHT 
at 850 °C under diverse CMHT steps. The original 
TC21 alloy contained a large amount of hexagonal 
close packed α phase and a small amount of body- 

 

 
Fig. 1 P−C isotherms (a) and ΔP (b) of TC21 alloy during process of CMHT at 850 °C under diverse CMHT steps 
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Fig. 2 Optical microscopy images of original TC21 alloy and alloys processed by CMHT at 850 °C under diverse 
CMHT steps: (a) Original; (b) One; (c) Four; (d) Seven; (e) Nine; (f) Eleven 
 

 
Fig. 3 XRD patterns of original TC21 alloy and alloys 
processed by CMHT at 850 °C under diverse CMHT 
steps 
 
centered cubic β phase, as shown in Fig. 3(a). XRD 
patterns of TC21 alloy varied evidently after being 
processed by CMHT at 850 °C under diverse 

CMHT steps. As the CMHT step increased, the 
reflection peaks of α phase weakened or even 
vanished at some diffraction angles, indicating that 
the number of α phase decreased. The reflection 
peaks of β phase were enhanced, illustrating that the 
number of β phase increased. Because hydrogen as 
a β stable element was able to heighten the stability 
of β phase, more β phase was kept to room 
temperature due to the increase of hydrogen content 
in CMHT-processed TC21 alloys. The reflection 
peaks of δ hydride were observed in Figs. 3(b−f), 
which was also proved by the following TEM 
analysis. The lattice parameter of face-centered 
cubic δ hydride was calculated to be 0.444 nm [37]. 
 
3.4 TEM analysis 

More meticulous microstructural information 
of the original TC21 alloy and alloys processed by 
CMHT at 850 °C under diverse CMHT steps was 
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characterized by TEM. The TEM micrographs of 
the original TC21 alloy are shown in Fig. 4. From 
Fig. 4(a), the original TC21 alloy consisted of 
platelet shape α phase and β phase, and the shape of 
β phase was restricted by α phase. The associated 
selected-area electron diffraction (SAED) patterns 
taken from α phase and β phase are shown in 
Fig. 4(a), the zone axes are [1�101]α and [1�11]β, 
respectively. High resolution transmission electron 
microscopy (HRTEM) analysis was employed to 
research the meticulous microstructural information 
of the original TC21 alloy and CMHT-processed 
TC21 alloys. Figures 4(b) and (c) show the HRTEM 
micrographs of α phase and β phase and the 
associated fast Fourier transformation (FFT) images 
of the zone marked. Figures 4(d) and (e) show the 
associated inverse FFT (IFFT) images of α phase 
zone marked in Fig. 4(b) and β phase zone marked 
in Fig. 4(c). The lattice image of α phase is 
indicated in Fig. 4(d) and the measured lattice 
interplanar distance of (1 102)α  from the axis 
direction is 0.226 nm. The lattice image of β phase 
is indicated in Fig. 4(e) and the measured lattice 
interplanar distance of (110)β from the axis 

direction is 0.221 nm. 
Figure 5 presents the TEM micrographs of 

TC21 alloy processed by one step CMHT at 850 °C. 
A number of α' martensite needles were detected in 
the alloy, some coarsened α phase lamellas were 
dispersed in the alloy. The associated SAED pattern 
taken from β phase and α' martensite is shown in 
Fig. 5(a), and the zone axes are [11�1]β and [112�0]α', 
respectively. The orientation relationships between  
β phase and α' martensite are (110)β//(0001)α', 
[11�1]β∥[112�0]α', which was consistent with the 
classical Burgers orientation relationship [38,39]. A 
small number of δ hydrides formed at α phase 
boundary, because there was high density of defect 
at phase boundary [40]. As shown in Figs. 5(b) and 
(c), the paralleled α' martensite needles distributed 
on the matrix. The associated SAED patterns taken 
from δ hydride and α' martensite are shown in 
Fig. 5(b), and the zone axes are [011�]δ and [0001]α', 
respectively. Some fragmentary microstructures 
existed in the alloy, as shown in Fig. 5(c). 
Figure 5(d) presents the HRTEM micrograph of α' 
martensite and β phase, and the associated FFT 
images of α' martensite and β phase zone marked in 

 

 

Fig. 4 TEM micrographs of original TC21 alloy: (a) Original α phase and β phase, and associated SAED patterns of α 
phase and β phase; (b) HRTEM micrograph showing α phase, and associated FFT image of α phase marked;         
(c) HRTEM micrograph showing β phase, and associated FFT image of β phase marked; (d) Associated IFFT image of 
α phase; (e) Associated IFFT image of β phase 
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Fig. 5 TEM micrographs of TC21 alloy processed by one step CMHT at 850 °C: (a) α phase, α' martensite and β phase, 
and associated SAED pattern of α' martensite and β phase; (b) α phase, δ hydride and α' martensite, and associated 
SAED patterns of δ hydride and α' martensite; (c) α' martensite and fragmentary microstructure; (d) HRTEM 
micrograph showing β phase and α' martensite, and associated FFT images of β phase and α' martensite marked;        
(e) Associated IFFT image of α' martensite; (f) Associated IFFT image of β phase 
 
the inset of Fig. 5(d). Figures 5(e) and (f) reveal the 
associated IFFT images of α' martensite and β phase 
zone marked in Fig. 5(d), respectively. The lattice 
image of α' martensite is indicated in Fig. 5(e) and 
the measured lattice interplanar distance of (11�00)α' 
from the axis direction is 0.259 nm. The lattice 
image of β phase is indicated in Fig. 5(f) and the 
measured lattice interplanar distance of (110)β from 
the axis direction is 0.215 nm. 

Figure 6 shows the TEM micrographs of TC21 
alloy processed by four steps CMHT at 850 °C. 
Some β phase lamellas were observed in the alloy 
when the CMHT step increased to four, indicating 
that the amount of β phase increased as compared to 
TC21 alloy processed by one step CMHT. Some δ 
hydrides formed at β phase boundary, and the 
associated SAED patterns taken from β phase and δ 
hydride are shown in Fig. 6(a), the zone axes are 
[111�]β and [101�]δ, respectively. When the CMHT 
step increased to four, α' martensite vanished as 
compared to TC21 alloy processed by one step 
CMHT. As shown in Figs. 6(b) and (c), some 

needle-like δ hydrides formed in the alloy, a number 
of fragmentary microstructures emerged in the alloy. 
Figure 6(d) reveals the HRTEM micrograph of δ 
hydride and the associated FFT image of the zone 
marked. Figure 6(e) shows the associated IFFT 
image of the zone marked in Fig. 6(d) and the 
lattice pattern of δ hydride. The measured lattice 
interplanar distance of (1 1� 1)δ from the axis 
direction is 0.253 nm. 

Figure 7 shows the TEM micrographs of TC21 
alloy processed by seven steps CMHT at 850 °C. α 
phase lamellas distributed on the β phase matrix, as 
shown in Fig. 7(a). A few δ hydrides precipitated 
from α phase, indicating that the concentration of 
hydrogen in α phase exceeded the solubility of 
hydrogen in α phase. The associated SAED patterns 
taken from δ hydride and β phase are shown in 
Fig. 7(a), the zone axes are [1�00]δ and [11�1� ]β, 
respectively. Figure 7(b) shows a few paralleled α 
phase lamellas among the β phase matrixes, 
illustrating that the amount of β phase increased and 
the amount of α phase decreased as compared to the  
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Fig. 6 TEM micrographs of TC21 alloy processed by four steps CMHT at 850 °C: (a) δ hydride and β phase,       
and associated SAED patterns of δ hydride and β phase; (b) δ hydride; (c) δ hydride and fragmentary microstructure;  
(d) HRTEM micrograph showing δ hydride, and associated FFT image of δ hydride marked; (e) Associated IFFT image 
of δ hydride 
 

 
Fig. 7 TEM micrographs of TC21 alloy processed by seven steps CMHT at 850 °C: (a) δ hydride, α phase and β phase, 
and associated SAED patterns of δ hydride and β phase; (b) α phase and β phase 
 
original TC21 alloy. Hydrogen as a β stable element 
could increase the stability of β phase. Therefore, 
more β phase was kept to room temperature when 
TC21 alloy was processed by seven steps CMHT. 

Figure 8 shows the TEM micrographs of TC21 
alloy processed by nine steps CMHT at 850 °C. As 
shown in Figs. 8(a) and (b), a number of δ hydrides 

occurred in TC21 alloy when CMHT step increased 
to nine, indicating that the number of δ hydride 
increased as compared to TC21 alloy processed by 
seven steps CMHT. The associated SAED patterns 
taken from δ hydride and β phase are shown in 
Fig. 8(a), the zone axes are [001]δ and [001� ]β, 
respectively. Figure 8(c) shows the HRTEM 
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micrograph of δ hydride and the associated FFT 
image of the zone marked. Figure 8(d) shows the 
associated IFFT image of the zone marked in 
Fig. 8(c) and the lattice pattern of δ hydride. The 
measured lattice interplanar distance of (220)δ from 
the axis direction is 0.246 nm. 

Figure 9 shows the TEM micrographs of TC21 
alloy processed by eleven steps CMHT at 850 °C. 
Numerous β phase lamellas were observed in the 
alloy when the CMHT step increased further to 
eleven. As shown in Fig. 9(a), some δ hydrides 
precipitated directly from β phase, indicating that  

 

 
Fig. 8 TEM micrographs of TC21 alloy processed by nine steps CMHT at 850 °C: (a, b) δ hydride and β phase, and 
associated SAED patterns of δ hydride and β phase; (c) HRTEM micrograph showing δ hydride, and associated FFT 
image of δ hydride marked; (d) Associated IFFT image of δ hydride 
 

 
Fig. 9 TEM micrographs of TC21 alloy processed by eleven steps CMHT at 850 °C: (a) δ hydride and β phase, and 
associated SAED pattern of β phase; (b) δ hydride, and associated SAED pattern of δ hydride 
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the concentration of hydrogen in β phase exceeded 
the solubility of hydrogen in β phase. The 
associated SAED pattern taken from β phase is 
shown in Fig. 9(a), the zone axis is [11�1]β. A large 
amount of δ hydrides formed in the alloy, indicating 
that the amount of δ hydride increased as compared 
to TC21 alloy processed by nine steps CMHT. The 
associated SAED pattern taken from δ hydride is 
shown in Fig. 9(b), the zone axis is [1�01]δ. 

3.5 Compressive properties 
Figure 10 reveals the true stress−true strain 

curves of the original TC21 alloy and alloys 
processed by CMHT at 850 °C under diverse 
compressive velocities. The flow stress of TC21 
alloy during the compression changed obviously 
after CMHT. The flow stress of one step CMHT- 
processed TC21 alloy was greater than those of the 
original TC21 alloy and other CMHT-processed  

 

 
Fig. 10 True stress−true strain curves of original TC21 alloy and alloys processed by CMHT at 850 °C under diverse 
compressive velocities: (a) 0.5 mm/min; (b) 5 mm/min; (c) 50 mm/min; (d) 100 mm/min; (e) 200 mm/min; (f) 400 mm/min 
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TC21 alloys under each compressive velocity. 
However, the flow stresses of four, seven, nine and 
eleven steps CMHT-processed TC21 alloys were 
lower than that of the original TC21 alloy under 
each compressive velocity when true strain was in 
the range of 0.1−0.3. In addition, the change of flow 
stress with the increase of true strain was different 
for the original TC21 alloy and all CMHT- 
processed TC21 alloys under different compressive 
velocities. The flow stress increased with the 
increase of true strain, indicating that the work- 
hardening phenomenon was enhanced. The flow 
stress decreased with the increase of true strain, 
indicating that the softening phenomenon was 
enhanced. As shown in Fig. 10, when the compressive 
velocity was 0.5 mm/min, the work-hardening 
phenomenon was obvious for the original TC21 
alloy and all CMHT-processed TC21 alloys. The 
work-hardening phenomenon weakened and the 
softening phenomenon was enhanced with the 
increase of compressive velocity for the original 
TC21 alloy and all CMHT-processed TC21 alloys. 
However, for the original TC21 alloy and one step 
CMHT-processed TC21 alloy, the work-hardening 
phenomenon was higher than the softening 
phenomenon under all compressive velocities. For 
the four, seven, nine and eleven steps CMHT- 
processed TC21 alloys, the work-hardening 
phenomenon was lower than the softening 
phenomenon under compressive velocities higher 
than 50 mm/min. 

The deformation process included elastic 
deformation stage, yield stage, plastic deformation 
stage and fracture stage. There was no apparent 
yield stage from the true stress−true strain curves of 
the original TC21 alloy and CMHT-processed 
TC21 alloys. Therefore, the true stress to produce 
0.20% true strain (σ0.2) was taken as the yield 
strength of the alloy. Figure 11 reveals the yield 
strengths of the original TC21 alloy and alloys 
processed by CMHT at 850 °C under diverse 
compressive velocities. As the CMHT step 
increased, the yield strength of TC21 alloy showed 
the similar change law under diverse compressive 
velocities, which increased initially, then decreased, 
and finally increased again. When the compressive 
velocity was 0.5 mm/min, the yield strength of one 
step CMHT-processed TC21 alloy was greater than 
that of the original TC21 alloy. The yield strengths 
of four, seven, nine and eleven steps CMHT- 

processed TC21 alloys were lower than that of the 
original TC21 alloy. When the compressive velocity 
was 5 mm/min, the yield strengths of one, nine and 
eleven steps CMHT-processed TC21 alloys were 
greater than that of the original TC21 alloy. The 
yield strengths of four and seven steps 
CMHT-processed TC21 alloys were lower than that 
of the original TC21 alloy. When the compressive 
velocity was 50, 100, 200 and 400 mm/min, the 
yield strengths of one, seven, nine and eleven steps 
CMHT-processed TC21 alloys were greater than 
that of the original TC21 alloy. The yield strength 
of four steps CMHT-processed TC21 alloy was 
lower than that of the original TC21 alloy. The 
maximum decrease of the yield strength of TC21 
alloy after CMHT reached 18.10% as compared to 
the original TC21 alloy (the CMHT step was four, 
and the compressive velocity was 200 mm/min). 
The maximum increase of the yield strength of TC21 
alloy after CMHT reached 19.06% as compared to 
the original TC21 alloy (the CMHT step was eleven, 
and the compressive velocity was 400 mm/min). 
 

 
Fig. 11 Yield strengths of original TC21 alloy and  
alloys processed by CMHT at 850 °C under diverse 
compressive velocities 
 

Figure 12 shows the deformation limits of the 
original TC21 alloy and alloys processed by CMHT 
at 850 °C under diverse compressive velocities. As 
the CMHT step increased, the deformation limits of 
CMHT-processed TC21 alloys showed the same 
change law under diverse compressive velocities, 
which decreased first, then increased, and finally 
decreased again. When the compressive velocity 
was 0.5 mm/min, the deformation limit of seven 
steps CMHT-processed TC21 alloy was greater than 
that of the original TC21 alloy. The deformation 
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Fig. 12 Deformation limits of original TC21 alloy and 
alloys processed by CMHT at 850 °C under diverse 
compressive velocities 
 
limits of one, four, nine and eleven steps CMHT- 
processed TC21 alloys were lower than that of the 
original TC21 alloy. When the compressive velocity 
was 5 and 50 mm/min, the deformation limits of all 
CMHT-processed TC21 alloys were lower than that 
of the original TC21 alloy. When the compressive 
velocity was 100 mm/min, the deformation limits of 
seven, nine and eleven steps CMHT-processed 
TC21 alloys were greater than that of the original 
TC21 alloy. The deformation limits of one and four 
steps CMHT-processed TC21 alloys were lower 
than that of the original TC21 alloy. When the 
compressive velocity was 200 and 400 mm/min, the 
deformation limits of seven and nine steps CMHT- 
processed TC21 alloys were greater than that of the 
original TC21 alloy. The deformation limits of one, 
four and eleven steps CMHT-processed TC21 
alloys were lower than that of the original TC21 
alloy. The maximum decrease of the deformation 
limit of TC21 alloy after CMHT reached 69.80% as 
compared to the original TC21 alloy (the CMHT 
step was one, and the compressive velocity was 
50 mm/min). The maximum increase of the 
deformation limit of TC21 alloy after CMHT 
reached 93.96% as compared to the original TC21 
alloy (the CMHT step was seven, and the 
compressive velocity was 200 mm/min). 

Figure 13 reveals the microhardnesses of the 
original TC21 alloy and alloys processed by CMHT 
at 850 °C under diverse CMHT steps. The 
microhardness of TC21 alloy increased first, then 
decreased, and finally increased again as the CMHT 
step increased. The microhardness of one step 

CMHT-processed TC21 alloy was the maximum 
among those of all CMHT-processed TC21 alloys, 
which increased by 26.72% as compared to the 
original TC21 alloy. The microhardness of four 
steps CMHT-processed TC21 alloy was the 
minimum among those of all CMHT-processed 
TC21 alloys, which decreased by 34.99% as 
compared to the one step CMHT-processed TC21 
alloy. When the CMHT step was greater than four, 
the microhardness increased gradually as the 
CMHT step increased. 
 

 
Fig. 13 Microhardnesses of original TC21 alloy and 
alloys processed by CMHT at 850 °C under diverse 
CMHT steps 
 
3.6 Discussion 

Based on the above results of microstructures 
and compressive properties, the microstructures and 
compressive properties of TC21 alloy changed 
obviously after being processed by CMHT at 
850 °C under diverse CMHT steps. When the 
CMHT step was one, α' martensite occurred only in 
the alloy. Although both α phase and α' martensite 
had hexagonal close packed crystal structure, α' 
martensite was the supersaturated solid solution of 
α phase. Thus, the deformation limit of one step 
CMHT-processed TC21 alloy decreased as 
compared to the original TC21 alloy. The flow 
stress, yield strength and microhardness of one  
step CMHT-processed TC21 alloy increased as 
compared to the original TC21 alloy. When the 
CMHT step increased to four, α' martensite 
disappeared and β phase became the major phase in 
the alloy. Therefore, the four steps CMHT- 
processed TC21 alloy had higher deformation limit 
and lower flow stress, yield strength and 
microhardness as compared to the one step CMHT- 
processed TC21 alloy. When the CMHT step was 
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greater than four, the deformation limit of 
CMHT-processed TC21 alloys increased first and 
then decreased as the CMHT step increased. The 
increase of deformation limit of CMHT-processed 
TC21 alloys was related to the increase of the 
amount of β phase. The decrease of deformation 
limit of CMHT-processed TC21 alloys was caused 
by the increase of the amount of δ hydride. The 
increase of the amount of δ hydride also led to the 
increase of yield strength and microhardness of 
CMHT-processed TC21 alloys as the CMHT step 
increased. According to the above analysis, the 
compressive properties of TC21 alloy were mainly 
affected by microstructure evolution after CMHT. 

With the increase of compressive velocity, the 
work-hardening phenomenon weakened and the 
softening phenomenon was enhanced during the 
process of compression for the original TC21 alloy 
and all CMHT-processed TC21 alloys. The work- 
hardening phenomenon was mainly caused by the 
accumulation and entanglement of dislocation [41]. 
The softening phenomenon was affected by     
the thermal energy generated by the plastic 
deformation [42]. When the compressive velocity 
increased, the dissipation of thermal energy was 
less during the compression, leading to the 
enhancement of softening phenomenon. Moreover, 
β phase became the major phase when the CMHT 
step was greater than one. Thus, the softening 
phenomenon was more obvious when the CMHT 
step was greater than one [43]. 

CMHT can improve the room-temperature 
deformation limit of TC21 alloy. It is more 
conducive to room-temperature plastic deformation 
for TC21 alloy if its deformation limit is higher.  
In this work, the maximum increase of the 
deformation limit of CMHT-processed TC21 alloys 
reached 93.96% as compared to the original TC21 
alloy. The CMHT step and compressive velocity 
conducive to room-temperature plastic deformation 
for TC21 alloy are seven and 200 mm/min, or  
nine and 100 mm/min, respectively. After room- 
temperature plastic deformation, CMHT-processed 
TC21 alloys should be treated by vacuum annealing 
to remove hydrogen in order to avoid embrittlement 
in the period of service [44,45]. 
 
4 Conclusions 
 

(1) As the CMHT step increased, the amount 

of α phase decreased and the amount of β phase and 
δ hydride increased. α' martensite occurred only in 
TC21 alloy processed by one step CMHT. 

(2) The work-hardening phenomenon 
weakened and the softening phenomenon was 
enhanced with the increase of compressive velocity 
for the original TC21 alloy and all CMHT- 
processed TC21 alloys. For the original TC21 alloy 
and one step CMHT-processed TC21 alloy, the 
work-hardening phenomenon was higher than the 
softening phenomenon under all compressive 
velocities. For the four, seven, nine and eleven steps 
CMHT-processed TC21 alloys, the work-hardening 
phenomenon was lower than the softening 
phenomenon under compressive velocities higher 
than 50 mm/min. 

(3) The yield strength of CMHT-processed 
TC21 alloys showed the similar change law under 
diverse compressive velocities, which increased 
initially, then decreased, and finally increased again 
as the CMHT step increased. The maximum 
decrease of the yield strength of TC21 alloy after 
CMHT reached 18.10% as compared to the original 
TC21 alloy. The deformation limit of CMHT- 
processed TC21 alloys showed the same change 
law under diverse compressive velocities, which 
decreased first, then increased, and finally 
decreased again as the CMHT step increased. The 
maximum increase of the deformation limit of 
TC21 alloy after CMHT reached 93.96% as 
compared to the original TC21 alloy. 
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摘  要：采用 OM、XRD 和 TEM 方法研究连续多步置氢处理步数对 TC21 合金显微组织的影响。通过室温压缩

实验研究连续多步置氢 TC21 合金在不同压缩速度下的压缩性能。结果表明：随着连续多步置氢处理步数的增   

加，α 相的含量减少，β 相和 δ 氢化物的含量增多，仅置氢 1 步时 TC21 合金中出现 α'马氏体。连续多步置氢 TC21

合金的极限变形率在不同压缩速度下的变化规律相同，即随着连续多步置氢处理步数的增加，极限变形率先减小

再增大最后又减小。连续多步置氢处理后，TC21 合金的极限变形率比原始 TC21 合金最大增幅达到 93.96%。分

析了连续多步置氢 TC21 合金压缩性能变化的原因。 

关键词：TC21 合金；连续多步置氢处理；显微组织；室温压缩性能 
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