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ABSTRACT

The present study aims at revealing the relationships between hydrogen con-

centration and phase structure, as well as microstructure modification in the b-
metastable b-21S titanium alloy. The b-bcc phase can accommodate a large

number of interstitial atoms, and hydrogenation by means of molecular

hydrogen gas was employed in the present work. The phase structure as well as

the microstructure of this alloy was found to be strongly dependent on

hydrogen concentration. At lower hydrogen concentration (H/M B 0.300), the

microstructure consisting of the single b-phase revealed that the interstitially

dissolved hydrogen atoms expanded the bcc lattice and inhibited the decom-

position of the b phase upon cooling. The introduction of hydrogen beyond H/

M = 0.300 was found to generate a large amount of internal stresses in the

microstructure inducing the formation of metastable phases a’’ in the form of

lamellae and x in the form of nanoparticles. The generation of the nanosized x-
phase was presumed to relax the strain caused by the volume expansion (2.28%)

from the hydrogen-containing b phase to the a’’ martensite.

Introduction

The metastable b-titanium alloy b-21S (Ti-15Mo-3Nb-

3Al-0.2Si) commonly obtained upon high cooling rate

has become a promising candidate for structural

applications as structure components in hydrogen-

fueled hypersonic planes owing to its high specific

strength and good formability as well as its excellent

elevated temperature performance [1, 2]. The crys-

tallographic structure of the phase in the b-21S alloy

is dependent on the final thermal treatment. In

solution-annealed state, though the BCC b phase is

the dominant phase, a very low volume fraction of

HCP athermal x phase has been detected by
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numerous investigations [3–7]. In aged condition, the

x phase transforms into the HCP a phase and the b-
21S alloy exhibits a two-phase (a ? b) microstructure

with the volume fraction of both phases depending

upon the aging condition [3]. Another phase detected

in metastable b-Ti alloys, e.g., Ti-10 V-2Fe-3Al [8],

upon quenching or mechanical deformation is the

martensite a‘‘ phase (orthorhombic structure). How-

ever, as far as we know, this martensite a’’ phase has

not been reported for the b-21S alloy.

Hydrogen is present in b-21S alloy, in many cases

inadvertently, as a collateral result of processing,

corrosion, etc. Since the b-21S alloy exhibits a large

solubility of hydrogen in the bcc phase and does not

readily form hydrides, this alloy has been assessed to

be rather resistant to hydrogen, except probably

under relatively high hydrogen pressures [1].

Besides, hydrogen can be used as a temporary

alloying element to facilitate the thermomechanical

processing of titanium products by reducing the flow

stress [9–11]. Numerous studies have been carried

out to understand how hydrogen influences the

mechanical behavior of b-21S alloy [12–18]. However,

these studies often provide contradictory results

ascribed to the means of introducing hydrogen,

hydrogen interaction with defects and the strain rate

of the mechanical testing investigations.

A detailed study of hydrogen effect on the defor-

mation behavior of b-21S alloy undertaken by Teter

and co-workers [7] demonstrated that the hydrogen-

induced ductile–brittle transition took place abruptly

at a critical hydrogen concentration that decreased

with temperature. The mechanism behind the sharp

loss of ductility is supposed to be the hydrogen-in-

duced decohesion [19–21]. Despite these thorough

studies of the hydrogen effect on deformation

behavior, a detailed investigation of microstructure

modification with respect to different hydrogen

concentrations in b-21S alloy was not reported [7]. In

addition to being a b-phase stabilizer in b-21S alloy,

hydrogen is expected to affect the sequence of phase

transformation upon cooling as it has been reported

in alpha ? beta Ti-6Al-4 V [22]. Upon hydrogena-

tion, the hydrogen atoms can preferentially be trap-

ped by the structural defects such as vacancies,

dislocations, grain/phase boundaries, etc., which

causes the distortion of the crystal lattice to some

extent [23]. Since microstructure is the governing

factor that determines the performance of titanium

products, the objective of the present work is to

follow the microstructure modification with respect

to hydrogen concentration and to quantify the rela-

tionship between phase structure and hydrogen

concentration.

Materials and methods

The material used was the TIMETAL�21S titanium

alloy in the form of a plate (thickness of 1.8 mm)

obtained by solution annealing. To ensure a homo-

geneous distribution of hydrogen through the sample

volume, hydrogen was introduced by gas method

[24, 25] in the present work. The hydrogen charging

procedure was similar to that employed in Ref. [7].

Firstly, the samples were positioned in a furnace at

10–4 Pa; then the furnace temperature was increased

up to 1123 K (a single b-phase field), and subse-

quently the H2 gas with argon at a predetermined

pressure was introduced into the furnace which was

maintained for a sufficient time (30–60 min) to

achieve equilibrium throughout the specimen vol-

ume, i.e., homogenous dispersion of hydrogen. Dif-

ferent hydrogen concentrations were obtained by

controlling the partial pressure of hydrogen gas (Ar/

H2 ratio) and the charging time. The amount of

hydrogen dissolved in the sample was measured via

the inert gas fusion instrument (LECO TCH-600). The

hydrogen gas pressures and the corresponding

hydrogen concentrations are presented in Table 1.

Since hydrogen lowers the b-transus temperature

for the b-titanium alloy [23], it promotes the stability

of the b-phase upon cooling. Following this consen-

sus, the hydrogen-induced microstructure modifica-

tion was inspected using a combined analysis of the

X-ray diffraction (XRD), scanning electron micro-

scopy (SEM)-based electron backscatter diffraction

(EBSD) and transmission electron microscopy (TEM)

characterizations. The XRD experiments were per-

formed using a D8 Endeavor (from Brucker) with a

Cu-Ka at a step of 0.01 Æ /s. For EBSD characteriza-

tion, the samples were electropolished at 2 �C for 5 s

in an electrolyte of 10% perchloric acid and 90%

methanol. Then, the microstructure developed upon

hydrogenation was investigated using a field-emis-

sion scanning electron microscope (JEOL-6500F)

equipped with an EBSD detector and the AZtec

acquisition software package (Oxford Instruments).

To ensure an accurate determination of the orienta-

tion, the manual EBSD detecting mode was used to
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determine the crystallographic orientation (in terms

of Euler angles) of the observed microstructural

constituents. By manually positioning the SEM beam

to the lamellar regions, the orientation expressed in

Euler angles (u1, U, u2) corresponding to the mea-

surement point was calculated by the software Aztec

and recorded for each variant. The Euler angles

represent a set of three characteristic rotations [26, 27]

from the sample coordinate system to the crystal

coordinate system. With the Euler angles, the coor-

dinate transformation matrix can be established

between the two coordinate systems. With the coor-

dinate transformation matrices of the two phases, we

can express the OR directions and the normal direc-

tions of the OR planes to the sample coordinate sys-

tem (X-Y-Z) and project these directions to the XOY

plane by stereographic projection [28, 29]. The coin-

cident poles of the common directions and the com-

mon planes normal allow to determine the OR

between the two phases. The crystallographic orien-

tation relationships (OR) between the original b-
phase and the newly formed phase represented with

the stereographic projections of the corresponding

OR plane normal and the OR direction of the phases

were resolved using the rotational coordinate trans-

formation matrices written in a MATLAB software

[30].

For TEM observations, thin foils were extracted

from as-received as well as hydrogenated b-21S
alloys by ionic micromachining from the selected

areas previously localized by SEM–EBSD. Extraction

of thin foil was performed using a Focused Ion Beam

(FIB) Zeiss Auriga 40 equipped with both electronic

and ionic columns (Gemini and Orsay Physics Cobra,

respectively). To avoid the formation of the amor-

phous layer under the high-energy ion beam, the

ionic micromachining was finished under a beam of

2 kV before extraction of the thin foil. Then,

microstructures were examined in a Philips TEM200

CM at a working voltage of 200 kV for both imaging

and phase identification.

Results and discussion

Hydrogen-induced phase transformation
analyzed by XRD

Figure 1 shows microstructure aspect of the as-re-

ceived b-21S alloy characterized by SEM and EBSD.

The SEM-BSE image (Fig. 1a), the image quality map

(Fig. 1b) and the inverse pole figure (IPF) map

(Fig. 1c) reveal that the as-received sample is com-

posed of equiaxed b grains with a mean grain size of

about 35.0 ± 2.0 lm. No internal structure is

observed in the interior of b grain, and no preferential

grain orientation is noticed. Nevertheless, the {110}

pole figure measured by XRD in Fig. 1d shows that a

rather weak bcc-rolled texture is retained in the

solution-annealed sample.

The XRD profiles for different hydrogen concen-

trations are shown in Fig. 2a. In the hydrogen con-

centration range 0\H/M\ 0.38, the XRD patterns

consist of the single b-phase; neither a-phase nor

hydride precipitation is observed. However, the

diffraction peaks gradually shifted toward lower 2h

Table 1 Ar/H2 ratio, lattice parameter, hydrogen concentration and the full width at half maximum (FWHM) of (200)b peak at each

hydrogen concentration (H/M) for the studied b-21S alloys

Sample series Ar/H2 ratio Lattice parameter, Å Hydrogen

concentration

The full width at half maximum (FWHM) of (200)b peak,

(at %) (H/M)

AR N/A 3.247 0.500 0.005 0.135 ± 0.003

HC-1 9 3.256 4.940 0.052 0.135 ± 0.003

HC-2 4 3.259 9.091 0.100 0.135 ± 0.003

HC-3 2.3 3.273 13.793 0.160 0.135 ± 0.003

HC-4 1.85 3.285 17.695 0.215 0.135 ± 0.003

HC-5 1.5 3.294 23.077 0.300 0.136 ± 0.003

HC-6 1 3.311 27.660 0.383 0.175 ± 0.005

HC-7 0.33 3.317 31.530 0.460 0.332 ± 0.008
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angles with the hydrogen concentration increased to

H/M = 0.300, which is due to lattice expansion of the

b-phase caused by the interstitially dissolved hydro-

gen atoms. Moreover, it is worth noting that the x-ray

diffraction peaks became broadened at hydrogen

concentration exceeding 0.3 (H/M[ 0.3). The broad-

ening of the (110)b peak in the XRD pattern for H/

M = 0.460 was specially analyzed using a smaller

scanning step 0.01 8/s. Figure 2b reveals, in addition

to the (110) peak corresponding to the b phase, the

presence of the (002) and (111) peaks of the

orthorhombic a’’ phase, evidencing the formation of

the a’’ martensite. Its lattice parameters were thus

determined to be a = 0.3164, b = 0.4982 and

c = 0.4658 nm. Such a formation of the martensite a’’
phase upon hydrogen charging has been reported by

Qazi et al. in Ti-6Al-4 V [22]. Indeed, at a high

hydrogen concentration, the dissolved hydrogen

atoms induce anisotropic deformation of the BCC

lattice owing to segregation of hydrogen atoms at

lattice defects [23]. The spacing between some planes

is increased and decreased between some others. The

formation of the a’’ martensite is supposed to result

from anisotropic lattice deformation at high hydro-

gen concentration.

Since the XRD peaks became broadening at

hydrogen concentration exceeding 0.3 (H/M[ 0.3),

the full width at half maximum (FWHM) value

associated with the lattice strain [31] at each hydro-

gen concentration is given in Table 1. The extent

broadening of 200ð Þb peak is negligible in the

hydrogen concentration range 0.052 B H/M B 0.300.

Nevertheless, a significant increase in FWHM value

is observed when the hydrogen concentration is

higher than H/M = 0.300. The high FWHM value

implies that a considerable amount of lattice strain is

generated in the sample containing high hydrogen

concentration.

By refining the obtained XRD patterns using the

MAUD software [32], the lattice parameters at dif-

ferent hydrogen concentrations were determined.

The relative change in the lattice parameter

(i.e., aH � aOð Þ=aO½ �) as a function of hydrogen con-

centration is presented in Fig. 3, and the plot from the

Figure 1 Microstructure of the as-received b-21S alloy, a SEM-BSE image; b and c EBSD image quality (IQ) and IPF maps of the same

area; d {110} pole figure measured by XRD.
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reference data [7] is presented for comparison. In the

hydrogen concentration range 0.052 B H/M B 0.460,

the lattice parameter of the b-phase varied approxi-

mately linearly with respect to the increasing

hydrogen concentration, implying that no hydrides

precipitation occurred in this concentration range

and that the hydrogen atoms remained in b-solid
solution. In comparison, the critical hydrogen con-

centration for hydride precipitation was estimated

about H/M = 0.67 in [33] and the latter value is much

higher than the one obtained in the present work.

Performing a linear fit to the obtained data, the rel-

ative change in the lattice parameter as a function of

hydrogen concentration was expressed as

aH � aOð Þ=aO½ � ¼ 0:0508 H=Mð Þ

With a coefficient of correlation, R = 0.996. The

equation showed a slightly larger value of the slope,

as compared to the one reported in the reference for

the same alloy aH � aOð Þ=aO½ � ¼ 5:08� 10�4 þ
0:0436 H=Mð Þ [7]. This minor difference could result

from the measurement accuracy for hydrogen

concentration.

Hydrogen-induced microstructure
modification investigated by SEM–EBSD

Figure 4 shows the microstructure aspect of the

hydrogenated b-21S alloy with different hydrogen

concentrations. The SEM secondary electron image

(SEI) of the hydrogenated b-21S alloy at hydrogen

concentration H/M = 0.215 is presented in Fig. 4a, at

which the abrupt ductile–brittle transition took place

[7]. The microstructure consisted of only equiaxed b
grains at H/M = 0.215, thus confirming the XRD

analyses and that neither a-phase nor hydride was

observed. However, with the hydrogen concentration

increasing to H/M = 0.380, the original b grains were

decorated with lamellar shaped constituents

(Fig. 4b). As the hydrogen concentration was further

increased to H/M = 0.460, numerous nets formed by

the differently oriented lamellar microstructures

appeared within the initial b-grains (Fig. 4c). Figure 5

presents the example Kikuchi patterns which are

manually acquired from the lamellar constitutes, the

one being from the b-phase (Fig. 5a) and the other

from the a’’ phase (Fig. 5b). The calculated patterns

using the lattice constants of the b-phase (in blue) and

the a’’ phase (in red) are superimposed with the

Figure 2 a XRD profiles of b-21S alloy containing different

hydrogen concentrations and b XRD pattern measured at a smaller

step 0.018/s for H/M = 0.460 (the insert plot is the enlargement of

the selected zone, the (002) and (111) diffraction peaks

corresponding to the martensite a’’ phase is pointed by arrows).

Figure 3 Relative change in the lattice parameter aH � aOð Þ=aO½ �
of the b-phase as a function of hydrogen concentration. Linear

fitted data give y ¼ aH � aOð Þ=aO½ � ¼ 0:0508 H=Mð Þ with a

coefficient of correlation R = 0.996.
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experimental ones. The lattice parameters (a = 0.3164,

b = 0.4982 and c = 0.4658 nm) in Refs. [34, 35] were

used to simulate the Kikuchi patterns (in blue) for the

orthorhombic a‘‘ phase. The excellent fit between the

experimental patterns and the calculated patterns

further evidenced the formation of the a’’ phase in

the form of lamellae in the b-21S alloy upon hydrogen

charging. The lamellae found in the present work

exhibited the similar morphologies to those of the a’’
martensite commonly formed in the quenched or

mechanical deformed metastable b-titanium alloys

[34–39].

To further examine the orientation relationship

(OR) between the lamellae and the b phase, EBSD

measurements were performed in the Grain A, as

displayed in Fig. 6a. In this grain, several differently

oriented lamellae (indicated by 1, 2, 3 and 4) within

one b grain were revealed by Backscattered Electron

(BSE) image. As outlined with the yellow dash lines

in Fig. 6a, four distinct martensite variants in terms of

crystallographic orientation with the b phase were

observed in grain A. With the acquired information

corresponding to the 4 a’’ variants (referred as a
00
1, a

00
2,

a
00
3 and a

00
4) and the b phase, the crystallographic ori-

entation relationship between the original b-phase
and the newly formed martensite a’’ phase repre-

sented by the stereographic projections of the corre-

sponding OR plane and OR direction was

determined using the rotational coordinate transfor-

mation matrices [28–30].

To ensure the accuracy of the orientation mea-

surement, we manually detected ten points for each

variant. The mean orientation of each variant repre-

sented by Euler angles (u1, U, u2) is given in Table 2.

The stereographic projections of the 112f gb plane and
the 110

� �
b direction corresponding to the b phase and

the stereographic projections of the 110ð Þa00 plane and

the 001½ �a00 direction of the four martensite variants

represented in the sample coordinate system are

shown in Fig. 6b. As seen, for each martensite vari-

ant, the poles of the paired 110ð Þa00 plane normal and

the 001½ �a00 direction match well with the poles of the

112f gb plane normal and the 110
� �

b direction corre-

sponding to the b phase. It should be mentioned that

the matching directions must be contained in the

matching planes. This confirms that this OR, speci-

fied as 112f gb// 110ð Þa00 &\ 110[ b// 001½ �a00 , is the

effective one between the b phase and the a’’
martensite. The results described above reveal that a

four-variant net-shaped microstructure constituted of

a’’ martensite lamellae following the a’’/b orientation

Figure 4 SEM–SEI micrographs taken from the cross section of

the hydrogenated b-21S specimens, a H/M = 0.215, b H/

M = 0.380 and c H/M = 0.460.
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relationship, i.e., 110ð Þa00// 112f gb and 001½ �a00//\ 1

10[ b is formed in the hydrogenated b-21S alloy as

the hydrogen concentration increased to

H/M = 0.460.

Hydrogen-induced phase transformation
examined by TEM

Following the SEM–EBSD observations, TEM char-

acterizations were employed to detail the hydrogen-

induced microstructural modification in the hydro-

genated b-21S alloys. Because of its high brittleness,

traditional sample preparation techniques could not

be used on the specimen of H/M = 0.460. All the thin

foils were consequently extracted by ionic microma-

chining. Figure 7 shows the SEM image (obtained by

In-Lens detector) of the hydrogenated specimen

being prepared by ionic micromachining. To prevent

the surface from an excessive erosion by the ion

beam, a layer of carbon indicated with the white

arrow was deposited on the selected area prior to

ionic micromachining.

Figure 8a, b and c shows the selected area electron

diffraction (SAED) patterns of the specimens con-

taining H/M of 0.005, 0.100 and 0.460, respectively.

For as-received b-21S alloy (H/M = 0.005), diffused

streaks appeared in the SAED (Fig. 8a), which are

associated with the athermal x phase formed upon

air quenching. Indeed, no matter how fast the cooling

rate is employed, the formation of the athermal x
phase cannot be avoided in the metastable b-titanium
alloys [3–7]. The observed diffused streaks in Fig. 8a

indicate a very low volume fraction of athermal x
phase existed in the initial material. However, the

size of athermal x phase is too small to resolve under

the present electron beam condition.

When the hydrogen concentration increased to H/

M = 0.100 (Fig. 8b), the intensity of the diffuse

streaks associated with the athermal x phase

reduced. This observation evidenced that the addi-

tion of hydrogen promotes the stability of the b phase

and inhibits the formation of the athermal x phase

upon cooling. Such phenomenon is in accordance

with previous investigations in hydrogenated b-21S
alloy [7, 33]. Regarding the hydrogenated sample

with a high hydrogen concentration of H/M = 0.46,

TEM thin foil was extracted from the selected area

(Fig. 6a) previously localized by SEM–EBSD. Appar-

ently, the a’’ martensite lamellae still existed in the

middle of the process of ionic micromachining, as

indicated in Fig. 7. The associated SAED pattern

(Fig. 8c) revealed that a x-phase with two variants

formed in the sample. These two variants, x1 and x2,
are highlighted with pink circles in Fig. 8c. The dark-

field (DF) image corresponding to the variants x1
(Fig. 8d) showed that the newly formed x phase in

the form of nanoparticles (appearing as white spots)

was randomly distributed in the matrix b phase.

Supposing that the b phase has an orthorhombic

lattice (a = 0.3247 nm, b = c =
ffiffiffi
2

p
a = 0.4591 nm) [35],

the volume expansion from the b to martensite a’’
phase is estimated to be about 2.28%. The formation

of the x phase could then be explained by the strain

relaxation upon the volume expansion from the b
phase to the a’’ martensite. This result is in agreement

with a recent study [40] which has demonstrated that

the formation of the x phase can even be triggered by

Figure 5 Kikuchi patterns corresponding to the b-phase a and the martensite a’’ phase b; the calculated Kikuchi pattern for the b and a’’
phases indicated by red and blue lines, respectively.
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elastic strain or stress without plastic deformation.

However, due to its low volume fraction and the

limited spatial resolution of SEM, this x phase in the

form of nanosized particles cannot be detected by

XRD and SEM–EBSD.

One question naturally arising from these obser-

vations is: why does the martensite a’’ phase disap-

pear after the ionic micromachining? The martensite

a‘‘ phase is thermodynamically unstable and can

spontaneously transform into stable a and/or b
phases under specific conditions [8, 22, 34, 41]. In the

present work, the SAED pattern taken at H/M = 0.460

(Fig. 8c) reveals that the martensite a’’ phase has

decomposed into b phase during ionic microma-

chining. Since the a’’ martensite lamellae were still

present in the middle of the process of ionic

Figure 6 Martensite revealed by SEM–EBSD for the sample

containing H/M = 0.460. a SEM-BSE micrograph of the interest

area from grain A (the inserted SEM–SEI image) and b the

stereographic projections of the planes normal 112f gb and 110ð Þa00

and the directions\ 1 10[ b and 001½ �a00 . (the coincident

projections of the b-phase and the a’’ martensite are marked

with red rectangles).
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micromachining (Fig. 7), the dissolution of marten-

site a’’ phase is believed to occur at the last stage of

the ionic micromachining. Additionally, stresses

relaxation often occur upon ion milling [42], which

can accelerate the decomposition of a’’ martensitic

phase into b phase.

Since martensitic transformation is a diffusionless

and displacive structure transformation in solid state,

it usually takes place in metastable b-titanium alloys

by quenching or upon mechanical deformation

[34–39]. For titanium alloys, the formation of the

martensite a‘‘ phase (orthorhombic structure) is

dependent on the alloy composition and cooling rate.

As far as we know, this martensite a’’ phase has not

been observed in the b-21S alloy upon quenching or

mechanical deformation. In the present work, the

martensite a‘‘ phase is formed in the b-21S alloy upon

hydrogen charging at a high hydrogen concentration.

Although hydrogen can stabilize the BCC b phase to

some extent Refs. [9–11, 22, 23], the formation of the

martensite a’’ and x phases at high hydrogen con-

centration (H/M C 0.380) indicates that the stability

of b phase cannot be increased monotonically with

hydrogen concentration. At lower hydrogen concen-

tration (H/M B 0.300), the microstructure consisting

of the single b-phase revealed that the interstitially

dissolved hydrogen atoms expanded the BCC lattice

and prevented the decomposition of the b phase

upon cooling. However, at high hydrogen concen-

tration (H/M C 0.380), the segregation of hydrogen

atoms at lattice defects causes local stress concentra-

tion, which leads to anisotropic deformation of the

BCC lattice. The operative mechanism behind such

‘hydrogen-induced martensite transformation’ is still

unclear. However, a shuffling process in which atoms

at each alternate 110ð Þb plane move along the ½110�b
direction to their proper positions in the martensite

structure can be a possible mechanism. Such trans-

formation process has been proposed by Li et al. [35]

through first principle calculation for Ti-xMo

(x = 4–15 wt%) alloys. Indeed, the martensitic trans-

formation has also been reported in unstable stainless

steels during the severe cathodic hydrogen charging

[43]. The authors proposed that the formation of

martensite is due to the internal stresses caused by

the hydrogen concentration gradient within the

sample, since hydrogen was not uniformly dis-

tributed in the sample.

As an outlook, to avoid hydrogen embrittlement in

b-21S alloy, the hydrogen concentration expressed as

H/M should not exceed 0.3. Beyond this value, the

hydrogen-induced decohesion and the formation of

metastable phases (a’’ and x) occur, which inevitably

reduce the strength and ductility of the material.

Indeed, the effect of the hydrogen concentration on

the tensile and compressive mechanical behavior has

been reported in Wen’s PhD thesis [44]. Though not

performed under identical testing conditions, results

Table 2 Crystallographic

orientation information for the

four variants of the a00

martensite and that of the

matrix b-phase detected by

EBSD

Phase Notation Euler angles (u1, U, u2), (�)

a’’ martensite a
00

1
(30.76, 99.70, 173.74)

Orthorhombic a
00
2

(85.01, 70.50, 59.11)

a = 0.3164 nm, b = 0.4982 nm and c = 0.4658 nm a
00
3

(149.92, 59.80, 139.65)

a
00
4

(163.25, 117.76, 66.32)

b-BCC, a = 0.3247 nm b (203.58, 35.81, 10.65)

The Euler angles are presented in Bunge’s notation [26, 27], which represents the mean orientation of

each variants and the b phase, respectively

Figure 7 SEM image (In-Lens) of the hydrogenated sample being

prepared by ionic micromachining with H/M = 0.460 (thin foil

being extracted from Grain A previously localized by SEM–

EBSD, as indicated by the inserted image).
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in terms of strain to failure were in agreement with

the work of Teter et al. [7].

Conclusions

In this work, the influence of hydrogen concentration

on phase transformation and microstructure modifi-

cation in the b-21S alloy was thoroughly inspected

using a combined characterization by XRD, SEM–

EBSD, FIB and TEM. The evolution of microstructure

was found to be closely related to hydrogen concen-

tration. For lower hydrogen concentration (H/M

B 0.300), the microstructure is composed of single b-
phase, revealing that the interstitially dissolved

hydrogen atoms prevent decomposition of the b

phase during cooling. At higher hydrogen concen-

tration (H/M C 0.380), an internal stress-induced

phase transformation occurred; the microstructure

consisted of the b phase, the a’’ martensite lamellae

and the nanosized x-phase. The x-phase produced

upon the formation of the a’’ martensite is ascribed to

the strain relaxation caused by the volume expansion

from the b phase to the a’’ martensite.
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