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Micro-mechanical behaviors of a Cu46.5Zr46.5Al7 bulkmetallic glass composite in the plastic regimewere investi-
gated by continuous in situ neutron diffraction during compression. Three stages of the plastic deformation were
observed according to the work-hardening rate. The underlying natures of the work hardening, correlating with
the lattice/microscopic strain evolution, are revealed for the three stages: (1) the initiation of shear bands, (2) the
phase load transferring from the amorphous phase to the B2 phase and (3) the acceleratedmartensitic transfor-
mation and the work hardening of the polycrystalline phases promoted by the rapid propagation of the shear
bands.
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The resistance to catastrophic fracture of bulk metallic glasses
(BMGs) due to localized shear deformation [1,2] has been improved
by introducing in situ crystalline precipitates into the amorphousmatrix
[3,4], i.e., in situ bulkmetallic glass composites (BMGCs). The crystalline
reinforcement in the in situ BMGCs is believed to promote themultipli-
cation of the shear bands and inhibit their rapid propagation, thereby
leading to improved plasticity [5,6]. In particular, large tensile plasticity
[4,7,8] up to 15.5% [7] was achieved in a series of ZrTi-based BMGCs
owing to the inhibition of local deformation in the glassy matrix. How-
ever, most of the in situ BMGCs show work softening after yielding in-
stead of work hardening, which restricts their engineering applications.
This behavior is observed because the accumulations of dislocations in
the crystalline and amorphous phase interfaces fail to provide a suffi-
cient counterbalance to the softening of amorphous matrix [4,7–10]
when the crystallites in the composites deform via dislocation move-
ments. CuZr-based shape memory bulk metallic glass composites (SM-
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BMGCs), which have recently been developed, possess high strength,
enhanced ductility and work-hardening ability [2,11,12], which proba-
bly originated from the intrinsic pronounced work hardening and
superelasticity of the B2-CuZr phase [13]. These new CuZr-based SM-
BMGCs have gained considerable interest in the past toward under-
standing the deformation mechanism [2,14–17]. For examples, the
high compatibility of elastic properties of the B2 and amorphous phases
was thought to be essential for the ductility [14]; the intrinsicwork hard-
ening of B2 phase could avoid necking in the BMGC [17] etc. However,
most of the reported studies were based on the traditional ex situ ap-
proaches, which are indirect and ambiguous for studying a deformation
mechanism involving a reversible phase transformation [18].

To monitor material deformation and phase transformation with a
reversible behavior, in situ techniques are superior to the traditional
ex situ approaches [18–20]. Recently, in situ diffraction was used to re-
veal the micro-mechanical behaviors of BMGCs in the elastic or quasi-
elastic stage [21–26]. For example, the deviation of the Cu-Zr-Al-Co
SM-BMGC from the macro-linear stage [21,22], i.e., macroscopic yield-
ing, was just followed by the martensitic transformation (MT) [21,22],
and the same threshold lattice strain was required to initiate the MT
for the samples with different volume fractions of the B2 phase [21].
The micro-mechanical behaviors differ with Co concentration [21,22],
which signifies that the composition plays a key role in the mechanical
properties of CuZr-based SM-BMGCs. However, due to the lack of in
situ data of amorphous phase deformation, the understanding of
the micro-mechanical behaviors of CuZr-based SM-BMGCs in the
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plastic deformation regime with work hardening remains unclear:
how does the load transfer between the B2 and amorphous phases
as well as the newly formed phase in the plastic regime, and what
is the effect of stress redistributions on thework-hardening characteris-
tics in the CuZr-based SM-BMGCs? In this paper, the Cu46.5Zr46.5Al7 SM-
BMGC under uniaxial compression was investigated by in situ neutron
diffraction (ND). Through the visualization of theMT and the lattice/mi-
croscopic strain evolution of both the crystalline and amorphous
phases, the micro-mechanical behaviors in the plastic regime were elu-
cidated, as were their correlation to the work-hardening rate variation.

Cu46.5Zr46.5Al7 (nominal at.%) ingots were synthesized by arc melt-
ing of the pure constituent elements under a Ti-getter high-purity
argon atmosphere followed by injection into a copper mold to obtain
cylindrical specimens with a diameter of 4 mm and a length of 8 mm
for the compression experiments. The microstructure of the as-cast
sample was characterized by a QUANTA 600 scanning electron micro-
scope (SEM).

In situ ND experiment was performed at the VULCAN engineering
materials diffractometer, Spallation Neutron Source (SNS), Oak Ridge
National Laboratory (ORNL) [27]. The specimen was mounted horizon-
tally in the VULCAN loadframe with the axial direction parallel to the
loading direction (LD), as shown in Supplement A (Fig. A.1). Details
about the in situ ND experiment setup can be found elsewhere
[18–20,27]. The specimen was evaluated with two loading-unloading
uniaxial compression cycles. Different peak stresses for each cycle
−990 MPa and −1825 MPa were applied respectively for capturing
the deformation characteristicswith the different stressmaxima. Before
compression, the sample was pre-compressed up to −215 MPa and
then unloaded to−5MPa to remove sluggish gaps between the sample
and theplatens. Considering theweak scattering ability of the amorphous
phase, the strain rate was designed to be as low as 2.5 × 10−6 s−1 to en-
sure sufficient ND statistics.

The in situ ND data were continuously recorded throughout the de-
formation and then were sliced with a 5-minute interval by VDRIVE
software [28]. Fig. A.2(a) shows an example of the ND pattern along
the LDbefore loading. It shows sharp peaks of the B2 phasewith a prim-
itive cubic structure as well as small peaks of minor AlCu2Zr phase
superimposing on the broad scattering amorphous hump, as deter-
mined by full-pattern Rietveld refinement via Generalized Structure
Analysis Software (GSAS) [29]. As shown in the SEM micrograph in
Fig. A.2(b), the dark spherical B2 grains with uneven sizes distribute in
the bright amorphous matrix, and most of the B2 grains mutually im-
pinged on each other. The initial volume fraction of the B2 phase is de-
termined to be approximately 40% by calculating the contrast from the
SEM micrograph using ImageTool software.

To align with the focus of this paper on the BMGC plasticity, the 2nd
cycle with profound plastic deformation is mainly discussed here while
the results of the 1st cycle showing little plasticity are presented in
Fig. 1.Measured compressive stress-strain curve of the Cu46.5Zr46.5Al7 BMG
Supplement A. Fig. 1(a) depicts the stress-strain (S\\S) curve of the
BMGC in the 2nd cycle under compression. The sample started to
yield, as indicated by the change of curve linearity, below the apparent
yield point of−1490 MPa, followed by hardening and plastic deforma-
tion to a total strain of −6% at the peak stress of −1825 MPa. After
unloading, there is −3.6% residual strain. Based on the change in the
work-hardening rate in Fig. 1(b), the plastic regime of the studied
BMGC is divided into three stages. First, in Stage I (σ b −1651 MPa),
the work-hardening rate drops drastically right after the yielding;
then in Stage II (−1651 MPa b σ b −1724 MPa), the transition stage,
the reduction in the work-hardening rate slows down; and last, in
Stage III (σ N −1724 MPa), the work-hardening rate shows a relatively
small slope.

In situ ND shows the phase transformation evolution upon loading,
as depicted by evolution in the ND patterns in the LD under various ap-
plied stresses in the 2nd cycle in Fig. 2. With increasing compressive
stress, a new peak at the d-space of 2.06 Å appeared at a stress of
−989MPa,whichwas identified as the (020)B19′ reflection of B19′mar-
tensite with a monoclinic structure as determined by the Rietveld re-
finement (Fig. A.3). Continued loading resulted in increase in the
intensities of the B19′ martensite peaks and corresponding decrease in
the intensities of the B2 phase peaks, indicating the progression of the
phase transformation. However, the reversion of those peaks' intensi-
ties was not that responsive upon stress removal, and only slight inten-
sity changes were observed after complete unloading. Therefore, the
transformation back to the B2 phase was highly limited in this CuZr-
based SM-BMGC.

Quantitatively, full-pattern Rietveld refinements were conducted on
the choppeddiffraction data to obtain phase volume fractions by using a
cylindrical symmetry texture model in GSAS [29]. The B2 and B19′ vol-
ume fractions as functions of the applied stress and strain in the 2nd
cycle are shown in Fig. 3(a) and (b), respectively. The accumulated
B19′ phase is refinable after approximately −1200 MPa loading, at
which formation of the new phase reaches the minimum limit of
Rietveld refinement. Under −1825 MPa (−6% strain), the studied
BMGC contains about 22 vol% martensite phase, which is small com-
pared to the amount of MT that occurred in the pure B2 phase under
−1220 MPa (−6.8% strain) [18]. It is likely that the confinement of B2
in the amorphous matrix constrains the MT due to load sharing taken
by the amorphous phase. In contrast to a nonlinear dependence of
stress, the volume fractions versus the strain exhibits a linear relation-
ship during the deformation, as shown in Fig. 3(b), which confirms
that the MT is induced mainly by strain instead of stress [18,21]. The
change of the volume fraction in Fig. 3(a) matched the three plastic de-
formation stages defined above. In Stage I, the phase transformation
rate was slow as indicated by the low slope. Then, the transformation
accelerated with stress value higher than −1651 MPa, as observed in
Stage II. In Stage III, when the stress increased to −1724 MPa, the
C in the 2nd cycle; (b) work-hardening rate vs. strain in the 2nd cycle.



Fig. 2. Neutron diffraction patterns at various stress levels with respect to the loading
direction in the 2nd cycle for the studied Cu46.5Zr46.5Al7 BMGC.
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phase transformation rate further increased in comparison with that in
stage II, as demonstrated by the gradually vertical increase in the B19′
phase volume fraction.

The MT clearly determines the micro-mechanical deformation be-
haviors [21–23], and the behaviors are further studied through the evo-
lution of lattice/microscopic strains (ε) or microstresses (σ) obtained
from the in situ ND experiments, as often shown in many composite
materials [18,19,23]. For the amorphous phase, the diffuse diffraction
patternswerefirst extracted from theNDpatterns, followed by calculat-
ing the relative position change in the first sharp diffraction peak (FSDP)
by referring to the initial load to obtain the microscopic strain
[21,30-32]. For the B2 and B19′ phases, single peak fitting was con-
ducted on the ND patterns to obtain their lattice strains of certain
grain groups [18,21]. The microstress of the different grain groups
with their plane normal 〈hkl〉 parallel to the LD, such as the (110)B2,
(211)B2, (310)B2 and (020)B19′ reflections and the FSDP, can be obtained
by Hooke's law: σ= E∙ε, where E is the diffraction elastic constants cho-
sen from references ([18] for the B2, B19′ and [14] for the amorphous
phase, respectively).

Fig. 4(a) shows the measured lattice/microscopic strains vs. the
stress and the calculated microstresses vs. the strain are shown in
Fig. 4(b). For clarity, the lattice strain changes of the B2 phase in the
plastic regime in Fig. 4(a) is enlarged and shown in Fig. A.7. In the initial
stage of deformation, all the reflections of the B2 phase and the FSDP of
the amorphous phase showed a linear relationship with the applied
stress. After −660 MPa, the (110)B2 reflection started to respond
Fig. 3. Responses of the volume fractions of B2 and B19′ phases in the studied Cu46.5Zr46.5Al7 BM
the 2nd cycle.
nonlinearly and the FSDP concurrently showed an opposite deviation
trend. This deviation implies the occurrence of slip in the grains [33]
or the onset of the MT [18]. Combined with the discussion on the
micro-mechanical deformation behaviors during the 1st cycle in Sup-
plement A, the (110)B2 lattice strain vs. applied stress deviated at
−696 MPa, while the extremely small residual lattice strain and full
width at half maximum (FWHM) in Fig. A.5(a) and (b) were obtained
after complete unloading. However, no obvious martensite peak was
detected by the in situ ND as shown in Fig. A.4(b), due to the nano-
sized martensite formation under lower stress which was beyond the
ND ability but observed by TEM [16]. Therefore, this deviation at the
stress of −660 MPa in the 2nd cycle is a convolution of the formation
of the nano-martensite and the slip in the grains. More load was trans-
ferred to the amorphous phase due to the strain relaxation in the B2
grains as evidenced by the increase in the slope of lattice strain vs. ap-
plied stress of (110)B2 and the corresponding decrease in its amorphous
counterpart (FSDP) displayed in Fig. 4(a). This can be easily seen as the
increase in the microstress of the amorphous phase in Fig. 4(b). With
the increase of applied stress, other lattice planes started gradually
deflecting until the first B19′ peak was observed at the stress of
−989 MPa. Furthermore, the MT and the plastic deformation of the B2
phase progressed continuously, and the applied load carried by the
amorphous phase finally reached its limit at a stress of −1490 MPa in
Fig. 4(b). It is also demonstrated in Fig. 4(a) by the almost constant
FSDP microscopic strain of the amorphous phase. This observation im-
plies that the shear bands eventually initiated from the amorphous ma-
trix [21], as observed by SEM after fracture in Fig. A.8, and hence, the
sample started to undergo obvious plastic deformation.

As such, the three-stage plastic behavior in this CuZr-based SM-
BMGC is well characterized by the in situ ND observations, and the un-
derlying mechanisms are revealed. In Stage I, the early stage of the
macro plastic deformation, the initiation of the shear bands in the amor-
phous matrix dominates the plastic deformation. As the amorphous
phase becomes softened, the applied load starts to transfer to other
grains in the crystalline phase. This results in a reduction of microscopic
strain increment in the amorphous phasewhile an increasing change of
the B19′ (020) microstress and, on a macroscopic scale, the rapid de-
crease of work-hardening rate in Fig. 1(b).

In Stage II, the plastic deformation of the B2 phase mainly correlates
with the relatively slow decrease of the work-hardening rate. In this
stage, themicroscopic strain in the amorphous phase does not continue
increasing but starts to decrease. Simultaneously, the lattice strains of
the B2 phase are further deflected. More of the applied load was trans-
ferred to the crystalline phases as the B2 microstresses increased [Fig. 4
(b)]. The plastic deformation results from slips in B2phase, as evidenced
by the decreasing slope of the lattice strains vs. applied stress curves
[Fig. 4(a)] and by the rapid growth of the FWHM values [Fig. A.9],
which are closely related to the increase in dislocation density when
GC as a function of (a) applied stress and (b) strainwith respect to the loading direction in



Fig. 4. Evolution of (a) lattice/microscopic strains and (b) microstresses along the loading axis in regard to (020)B19′, (110)B2, (211)B2, (310)B2 and the amorphous phase (FSDP) as a
function of applied stress or strain during loading in the 2nd cycle for the studied Cu46.5Zr46.5Al7 BMGC.
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slip occurs [18,34]. Due to the development of shear bands in Stage I, the
confinement effect from the amorphous matrix on the MT is reduced,
and thus, the MT rate starts increasing [Fig. 3(a)]. The amount of mar-
tensite is too low (9 vol%) to majorly contribute to the deformation
until Stage III.

In Stage III, the amorphous phase relaxes, and the accelerated MT
plays a key role in the change of work-hardening rate. After Stage II,
the microscopic strain in the amorphous phase reduced quickly after
a stress of −1724 MPa [Fig. 4(a)]. This result is different from those
of previous reports [18,21,33]. The amorphous phase is well known
to deform plastically through the propagation of the shear bands.
Thus, this phenomenon is undoubtedly associated with the move-
ment of the shear bands, which results in the amorphous phase
stress partition relief and further reduction of the confinement on
the B2 phase. As a result, the microstress of the amorphous phase
drops rapidly [Fig. 4(b)]. While the sample still shows work harden-
ing, the relaxation of the amorphous phase leads to more and quicker
load sharing in the B2 phase, therefore inducing an accelerated MT in
Stage III. As the volume fraction of B19′ quickly increases, the volume
change during the MT considerably contributes to the plasticity, and
this newly formedmartensite phase takes load sharing together with
the remnant B2 phase, as evidenced by the quick uptake of the B19′
lattice strain.

In summary, the plastic deformation stage in the Cu46.5Zr46.5Al7
BMGC was explicitly investigated by in situ ND. The three-stage de-
formation characteristics of the plastic regime were clearly and
comprehensively revealed by lattice/microscopic strains of the con-
stituent phases in the BMGC and the work-hardening rate varia-
tions. This research not only has important implications for the
understanding of the plastic deformation mechanism for the CuZr-
based SM-BMGCs but also is beneficial to other BMGCs with differ-
ent alloy systems.
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