Taylor & Francis
- Taylor & Francis Group
Materials ‘

ICREEIgelol  |\aterials Research Letters
| Letters

ISSN: 2166-3831 (Online) Journal homepage: www.tandfonline.com/journals/tmri20

In situ TEM observation of phase transformation
in bulk metallic glass composites

Huaping Sheng, Long Zhang, Haifeng Zhang, Jianbo Wang, Jurgen Eckert &
Christoph Gammer

To cite this article: Huaping Sheng, Long Zhang, Haifeng Zhang, Jianbo Wang, Jurgen
Eckert & Christoph Gammer (2021) In situ TEM observation of phase transformation
in bulk metallic glass composites, Materials Research Letters, 9:4, 189-194, DOI:
10.1080/21663831.2020.1867919

To link to this article: https://doi.org/10.1080/21663831.2020.1867919

8 © 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

A
h View supplementary material &

ﬂ Published online: 17 Jan 2021.

N\
CJ/ Submit your article to this journal &

||I| Article views: 2767

A
& View related articles &'

(!) View Crossmark data (&

o)
2
B

3

@ Citing articles: 4 View citing articles (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tmr|20


https://www.tandfonline.com/journals/tmrl20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2020.1867919
https://doi.org/10.1080/21663831.2020.1867919
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2020.1867919
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2020.1867919
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2020.1867919?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2020.1867919?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2020.1867919&domain=pdf&date_stamp=17%20Jan%202021
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2020.1867919&domain=pdf&date_stamp=17%20Jan%202021
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2020.1867919?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2020.1867919?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20

MATER. RES. LETT. ’
2021,VOL. 9, NO. 4, 189-194 2§ |MATERIALS Taylor & Francis
https://doi.org/10.1080/21663831.2020.1867919 RESEARCH LeTTeRs TeyorFrancs Group

ORIGINAL REPORT 8 OPEN ACCESS | ek forupasts|

In situ TEM observation of phase transformation in bulk metallic glass composites

Huaping Sheng?, Long ZhangP, Haifeng ZhangP®, Jianbo Wang®, Jiirgen Eckert®9 and Christoph Gammer?

aErich Schmid Institute of Materials Science, Austrian Academy of Sciences, Leoben, Austria; ®Shi-changxu Innovation Center for Advanced
Materials, Institute of Metal Research, Chinese Academy of Sciences, Shenyang, People’s Republic of China; ¢School of Physics and Technology,
Center for Electron Microscopy, MOE Key Laboratory of Artificial Micro- and Nano-structures, and Institute for Advanced Studies, Wuhan
University, Wuhan, People’s Republic of China; 9Department of Material Science, Montanuniversitit Leoben, Leoben, Austria

ABSTRACT ARTICLE HISTORY
Transformation-induced plasticity is afundamental solution forimproving the ductility of bulk metal- Received 28 September 2020
lic glass composites (BMGCs). However, the underlying mechanism remains controversial. Here, by
using in situ transmission electron microscopy, we present direct observation of the transformation Bulk metallic glass
dynamics from B/w phase to «’ phase of the crystalline dendrites in a TiZrCuBe BMGC under uniax- composites; phase
ial tensile deformation. The transformation redistributes the stress in the adjacent matrix, making transformation; stress

KEYWORDS

interfacial regions potential preferential sites for shear band nucleation. The high density of nucle- redistribution; shear band
ation sites is believed to promote the formation of shear band networks and enhance the ductility nucleation; transmission
of BMGCs. electron microscopy

stress localization
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IMPACT STATEMENT
Directly evidencing that phase transformation of the crystalline precipitates occurs first and triggers
shear banding in the glassy matrix during the deformation of BMGCs.

Introduction of the amorphous matrix, thus improving the global

plasticity [7-10]. This additional plasticity is named
Owing to their lack of long-range order, bulk metallic  transformation-induced-plasticity (TRIP). Up till now,
glasses (BMGs) don’t possess structural defects such as  huge improvements in enhancing the plasticity of
grain boundaries and dislocations, making them attrac- BMGCs have been achieved utilizing TRIP [7,9-12].
tive materials with superior strength, high elasticity,  Efforts have also been made to investigate the phase
and excellent corrosion resistance [1,2], but also very  transformation using diffraction techniques [13,14].
limited plasticity [3]. One pathway towards enhanced =~ However, due to the lack of direct nanoscale imaging
plasticity is to multiply shear bands by lowering their  of the transformation dynamics and their effects on the
nucleation energy barrier and to block their propa-  glassy matrix, the underlying reinforcing mechanism
gation [4,5]. Another way is to endow BMGs with  remains under debate, specifically whether phase trans-
extra plasticity by introducing a ductile crystalline phase  formation or shear banding occurs first [13-17]. In this
[6], creating so-called bulk metallic glass composites  work, we report direct observation of the phase trans-
(BMGCs). When deformed, the embedded crystals can  formation dynamics in a TiZrCuBe BMGC under ten-
endure plastic deformation, work-hardening, or even  sile deformation inside a transmission electron micro-
phase transformation and compensate work-softening  scope (TEM).
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Materials and methods
Bulk sample synthesis

BMGC with a nominal composition of Tisy 4Zr34CugBeis 6
(at. %) was produced by arc melting high-purity Ti, Zr,
Cu and Be metals (purities over 99.9 wt.%) [9]. As-cast
rods were prepared by arc re-melting the master ingots
and copper mold casting in a high-purity argon atmo-
sphere (Edmund Biihler Arc Melter).

In situ TEM specimen preparation and deformation

A cuboid was cut from the bulk sample and transferred
to a Hysitron Push-to-Pull (PTP) device inside a Zeiss
Auriga dual-beam equipped with an Omniprobe micro-
manipulator, followed by cutting into a miniaturized dog-
bone with a thickness of ~ 150 nm. The design of PTP
devices allows for converting the compressive motion of
the indenter into well-controlled tensile loading in the
TEM [18]. Deformation was carried out using a Hysitron
PI95 Picoindenter under displacement control in situ in
a JEOL JEM-2100F TEM.

Results and discussion

As prepared in situ BMGC results from the formation
of a dendritic crystalline phase during casting that is
distributed uniformly in the glassy matrix (Supplemen-
tary Figure S1). The dendrites consist of a 8-Ti/Zr phase
containing a high density of w-Ti/Zr phase precipitates
(Supplementary Figure S2-S6, Table S1) [19]. During
deformation, the metastable 8/w phases transform into
a’ phase. To study the effects of the phase transformation
on the deformation of the BMGC in the TEM, minia-
turized tensile specimens containing a glass-crystal inter-
face was prepared using focused ion beam machining as
described above.

Figure 1 displays the dynamic response of a charac-
teristic specimen under tensile deformation. The glassy
phase is on the left side and the crystal on the right
side of the tensile bar. A specific dark-field condi-
tion was chosen to distinguish the B/w phase (bright)
from the o’ phase (dark) (Supplementary Figure S7-S8).
Figure 1(a-i) are time-lapsed images extracted from Sup-
plementary Video S1. For a quantitative evaluation of the
elongation, carbon-markers were deposited on the ten-
sile specimen. In the first 47.5 s, the specimen endured
elastic strain only. The elongation of both the matrix and
the dendrite can be concluded from the movement of
the interface and the carbon-markers (Figure 1(a,b)). As
tension proceeded, a band-like darker contrast appeared
in the dendrite (Figure 1(c)), indicating the formation
of a’ phase. After nucleation, the o’ phase propagated

quickly and then the propagation slowed down after
Figure 1(d) (see Figure S7 for discussion on the nucle-
ation and propagation of the phase transformation). In
Figure 1(e,f) the propagation was blocked, as indicated
by a remaining bright feature (see yellow arrow). Since
the dendrite consists of 8 phase and w variants, these
obstacles are believed to be larger » domains. During
continued deformation, strip-like darker contrast fea-
tures (indicated by green arrows) gradually appeared and
grew bigger in the untransformed region (Figure 1(f,g)),
indicating the nucleation of new «’ grains. Finally, the
transformed o’ phase approached the end of the gauge
section (Figure 1(h)), and only obstacles at the right
end remained. Under continued deformation, the ten-
sile specimen fractured at 82 s in the o’ phase, leaving
an untransformed region at the right end (Figure 1(i)),
demonstrating that the interface is not the weakest site in
the BMGC.

To quantify the deformation in the tensile specimen,
strain-time (e-t) and stress-time (o-t) curves were cal-
culated (Figure 1(j)). The strain for the glass (eg), the
crystal (€.) and the overall tensile specimen (e) was cal-
culated by measuring local elongations and the applied
stress (o) was measured by the indenter (see Supplemen-
tary materials for the details of strain and stress calcula-
tion). The dashed lines are marked with b-h to refer to
Figure 1(b-h). Initially, both the glassy matrix and the
crystalline dendrite deformed elastically ((a)-(b)). The
maximum strain in the glass and crystal was ~3.52%
and ~ 1.98%, respectively. With the stress of ~ 1.07 GPa,
Young’s modulus was estimated to be ~30GPa and
~54GPa for the glass and crystal, respectively. The
higher modulus of the crystal compared with the glass
agrees with the theoretical prediction that crystals are
usually stiffer than their metallic glasses counterparts
[20,21]. When the o’ phase nucleated ((c)-(d)), a sud-
den increase in €, a slight decrease in €g, and a sudden
drop in o were observed. This trend continued until o
reached alocal minimum of ~ 0.89 GPaand €4 decreased
to its minimum value of ~2.34%. From this observa-
tion, several conclusions can be drawn: (1) the criti-
cal stress for «’ phase nucleation is ~ 1.07 GPa for the
tested tension-induced-transformation from B/w to a’;
(2) the critical stress for o’ phase growth in the 8/w den-
drites is ~0.89 GPa; (3) the transformation from B/w
to o’ causes a stress redistribution (the stress decreases).
This sudden stress redistribution originated from the lat-
tice change in the transformed region. As the o’ phase
propagated, the crystal elongated, leading to a stress
release. This process continued until the propagation
stopped (52 s). With increased stress, the propagation
restarted, as indicated by the increasing €. Direct com-
parison with €4 shows that higher stress was required to
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Figure 1. Straining, phase transformation and fracture dynamics of a tensile specimen containing a glass-crystal interface. (a)-(i) Dark-
field images showing the straining, phase transformation and fracture. Green dashed lines indicate nucleated ' phase bands. The angle
between the axial direction (cyan dashed horizontal lines) and the surface of the o’ phase (cyan dashed inclined lines) is denoted by
6. Yellow arrows indicate large w grains blocking o' phase propagation. Green arrows indicate parallel &' bands formed during a later
stage. (j) Time-dependent evolution of the stress o and strain €. The subscripts represent, whether € was determined for the entire gauge
section 't’, the glass ‘g’ or the crystal ‘c’. (k) stress-strain curves deduced from (j). () 6—t and S-t curve. S denotes the measured area of o’
phase. The dotted vertical lines in (j)-(I) correspond to frames (b)-(h) extracted from the video.



192 (&) H.SHENGETAL.

[100]; * [2110] .

Figure 2. Fracture of a larger tensile bar. (a) BF image of the fractured sample. The bottom-right inset is the blowup from the dashed
square area. Several &’ phase laths are indicated by white arrows. (b) SAED pattern taken from the red dashed region in (a). (c) Simulated
pattern illustrating the oriented co-existence of 8 phase (green) and &’ phase (red).

continue the deformation of the glass (56 s). As shown
in Figure 1(e-g), the &’ phase propagation was blocked,
which is reflected by the decelerated increase in €.. The
nucleation of new «’ grain, as shown in Figure 1(f),
resulted in a minor stress redistribution characterized by
a small drop in o and a slight decrease in €. This pro-
cess continued until fracture. From these results we can
identify the following steps during plastic deformation of
the BMGC: (i) o’ phase nucleates and propagates, induc-
ing stress redistribution and reduction in the crystalline
region, (ii) propagation slows down and gets blocked,
causing stress to rise in the crystalline region, (iii) a new
o’ phase grain nucleates and the sequence repeats.

In addition, stress—strain (o -€) curves were retrieved
for the glass, the crystal and the overall specimen
(Figure 1(k)), by redisplaying the data in Figure 1(j).
Within the elastic regime (¢ < ~ 1.98%), the curve slope
for the crystal (o, green) is larger than that for the
glass (0, blue), due to the higher Young’s modulus. It
is interesting to note that the surface of the «” phase
is not parallel to the tensile axis. The angle, denoted 6,
was measured, as shown in Figure 1(1) (magenta). Dur-
ing phase transformation, 6 gradually decreased from
~4.6° to 1°. This angle originated from the atomic shuf-
fle during the transformation from S/w to «’ [22], and
the gradual decrease was caused by the mechanical con-
straint from both ends, which provided compensatory
shear stress to the o’ phase. The growth rate of the o’
phase was also evaluated by measuring its projected area
(S) (Figure 1(1), olive) and matched perfectly with the
curves in Figure 1(j). Between 47.5 and 48.8 s, the o’
phase nucleated and rapidly grew up to ~0.131 um?.
The growth decelerated due to stress release at 48.8 s,
accelerated as o increased at 52 s, and decelerated again
at 62.2 s when blocked by larger @ domains, and then
accelerated suddenly at 64.4 s due to the nucleation of
another small &’ grain. From 64.4 s, the growth was still
blocked but small &’ bands kept nucleating and growing,
resulting in a low but nearly constant growth rate until all

obstacles were removed (81.9 s). The non-diffusive char-
acteristic of this phase transformation was confirmed by
distribution mapping the chemical composition of the
fractured specimen (Supplementary Figure S9), which
also revealed a thickness decrease in the transformed
region. This decrease was also verified by cross-sectional
SEM observations (Supplementary Figure S10) and is in
good agreement with the lattice contraction induced by
the phase transformation, as discussed below.

To study the effects of phase transformation in bulk
composites, a larger tensile specimen containing multiple
glass-crystal interfaces was prepared. Figure 2(a) shows a
bright-field (BF) image of the fractured specimen. Mul-
tiple o” laths are visible. Figure 2(b) is the selected area
electron diffraction (SAED) pattern from the red dashed
region in Figure 2(a), and Figure 2(c) is the simulated
pattern, showing the orientated co-existence of 8 phase
and o’ phase. Along this direction, the diffraction spots
from w variants overlap completely with those from the
phase. Therefore, in this case, S/w is referred to as 8 for
convenience. The (0111) spot indicated by a red arrow
directly demonstrates the presence of «’ phase. Before
fracture, a loading-unloading experiment was conducted
under diffraction mode to examine the reversibility of the
phase transformation (Supplementary Video S2). Upon
loading diffraction spots from the [2110] zone axis of the
o’ phase appeared and upon unloading their intensity
decreased, suggesting a loading-stress-dependent and
partially reversible characteristic, which contributes to
the ‘elasticity’ of current BMGC. The tensile specimen
was then deformed to fracture in BF mode to directly
image the deformation behavior (Supplemental Video
S3). Consistent with the smaller tensile specimen, the a’
phase propagated under increased loading. Noteworthy,
instead of one main &’ band, multiple parallel «’ laths
formed in the crystals, as pointed by the white arrows
in Figure 2(a). Comparison of the two tests suggests that
multiple matrix-dendrite interfaces intersect the grow-
ing o’ laths and contribute to the formation of new o’



laths. As indicated by the SAED pattern in Figure 2(b),
fracture happened along o’ laths (red dashed region in
Figure 2(a)), suggesting that phase transformation in the
crystal and shear banding in the glass are closely related.
In fact, during in situ deformation of a specimen having
the crystal-glass interface parallel to the tensile direction,
it could be observed that phase transformation in the
crystal caused a step at the interface to the glass before
fracture (Video S4 and Figure S11), i.e. phase transforma-
tion occurred first and triggered shear banding. The mul-
tiplication of dislocations and their movement away from
the transformation front suggest a dislocation-mediated
process.

As shown in Figure 2(c), (01 10), is parallel to (011)g,
with the former having a larger d-spacing; (0002),’ is
parallel to (011) > both having similar d-spacings; and
the [2110], zone axis is parallel to the [100] g Zone axis.
Figure 3(a-d) presents a model for the atom configura-
tions of the 8 and o’ phases along the labeled directions.
When tensile stress is applied along the [011]g direc-
tion, the (011)g plane (2.341 A) turns into the (0110),,
plane (2.556 A) (as implied by the gradual appearing of
extra diffraction spots in Video S2 which are indexed
in Figure 2(b,c)) [22], introducing a lattice expansion
of 9.18% along the tensile direction; the (200)g plane
(1.656 A) turns into the (2110),, plane (1.476 A) (which
is not observable from [100]g direction) [22], introduc-
ing a lattice contraction of 10.87% along the transverse
direction. In BMGCs, these changes lead to stress redis-
tribution, as shown in the schematic in Figure 3(e).
When deformed sufficiently, &’ laths nucleate in the den-
drites while the matrix is still elastically strained. Due
to the equivalence of six < 110> directions in the bcc
B phase, the o’ laths are nearly perpendicular to the
tensile direction (yellow bands). The lattice expansion
along {0110},,/{011} g planes will affect the stress distri-
bution in two ways. Firstly, the stress loading originally
carried by the untransformed B phase will be trans-
ferred to the adjacent glassy matrix. Secondly, because
of the tight bonding between dendrite and matrix atoms
at the interfaces [8,23,24], the lattice expansion intro-
duces extra tensile stress in the adjacent matrix. While
lattice contraction along {2110},/{200} g planes will pro-
vide compressive stress in the front and back and extra
tensile stress above and beneath the laths (Figure 3(f)).
In consequence, some regions in the glass (rendered in
red in Figure 3(e)) become more strained, and would
likely act as nucleation sites for shear banding upon
further deformation [15,24]. Moreover, due to the con-
finement from the interfaces [8,23,24], the stress in the
dendrite cannot be fully released as in free crystals. As
a result, more o’ laths form and produce shear band
nucleation sites. On the other hand, since the dendrites
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Figure 3. Schematic illustration of the transformation-induced
lattice change and its effects on the stress redistribution in the
glass matrix. (a)-(d) Lattice spacing comparison between 8 phase
and o' phase along two directions. The red line pairs represent
the indicated crystal planes and the distances between them
(d-spacing) is shown aside. (e) Plan view showing the stress local-
ization in the nearby region of the formed «’ laths. (f) Side view
showing the extra stress caused by the phase transformation. In
(e) and (f), gray background represents the glassy matrix, blue
ellipses represent 8 dendrites, yellow bands represent o' phase
laths. The additional stress in the glassy matrix is indicated in red.

have randomly precipitated from a homogenous mixture,
their orientations can vary significantly. It is thus hypoth-
esized that while the o’ laths will be close to normal
with respect to the tensile direction, their orientations
show a significant distribution. This could potentially
promote shear band nucleation along different directions
to form networks in the matrix and improve the global
plasticity [15,24].

Conclusion

In summary, quantitative in situ tensile testing in the
TEM has revealed the effects of phase transformation
on the deformation of a BMGC. Differently from pre-
vious reports that shear banding happens in the glassy
matrix first and get blocked by or trigger phase transfor-
mation in the crystalline precipitates [16,17], it is directly
visualized that in a BMGC with metastable crystalline 8
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phase, phase transformation occurs in the crystals first
and likely produces preferential sites for shear banding
during deformation. The current work sheds light on the
complex deformation process in a BMGC exhibiting a
TRIP effect and therefore serves as viable input for sim-
ulation and helps to formulate design criteria for better
BMGCs.
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