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ABSTRACT

Deformation incompatibility in Ti/Nb laminates under uniaxial tension was revealed by in-situ neu-
tron diffraction. During uniform deformation of the bulk laminates, the hard Nb constrained by the
soft Ti showed moderate work hardening and only slightly decreased flow stress. The mechanical
incompatibility accumulated in both elastic and elasto-plastic regimes between the metals lead to
pronounced hetero-deformation induced (HDI) strengthening, and the HDI stress was comparable
to the maximum phase-to-phase interaction. The HDI hardening and interphase stress showed con-
sistent evolution trends, implying that the interaction between dissimilar metals can be used as an
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important indicator for evaluating HDI strengthening and hardening.

IMPACT STATEMENT

The phase-to-phase interaction is found to be an important indicator for evaluating the HDI strength-
ening and hardening in heterogeneous laminates, and the microstress analysis can guide the design

of heterostructures.

Introduction

Heterogeneous structure, also known as heterostruc-
ture, is attracting ever-increasing attention as an effec-
tive strategy to overcome the strength-ductility trade-
off [1-4]. Heterostructured materials contain hard
and soft domains with dramatically different mechan-
ical properties, such as ultrafine-grained (UFG)/nano-
grained (NG) domains with the higher strength and
coarse-grained (CG) domains with the lower strength.
Several types of heterostructures, including gradient
[5-9], bimodal [10,11], laminated [12-15], heteroge-
neous lamellar [1,16], harmonic [17,18] structures, etc.,
have been proposed to obtain superior strength-ductility

synergy and enhanced work hardening. Although the
microstructural characteristics in those materials are dif-
ferent, the fundamental deformation physics, namely
the micromechanical behavior regulated by deformation
incompatibility and strain/stress partitioning across the
soft/hard domain interfaces is universal [2].

The strengthening and work hardening in het-
erostructured materials are attributed to the hetero-
deformation induced (HDI) strengthening and harden-
ing, respectively [19,20]. The HDI hardening is defined
as:

Onpr = dompr/de (1)
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where oppr is the HDI stress and € is the applied
true strain, and ®Oypy is the slope of the HDI stress-
true strain curve. This mechanism is closely associated
with the accumulation of geometrically necessary dislo-
cations (GNDs) that are induced by plastic heterogene-
ity [19]. When a deformed material is in the regime
of elasto-plastic transition, namely that plastic deforma-
tion takes place preferentially in the soft domain while
the hard domain still deforms elastically, GNDs will be
accumulated at the domain interfaces. The GND pile-
up produces a long-range internal stress, i.e. back stress
in the soft domain. Concurrently, the stress concen-
tration at the head of the GND pile-up exerts strong
forward stress in the adjacent hard domain. Therefore,
HDI stress is a combined effect of back stress and for-
ward stress. When the bulk material yields, strain par-
titioning between the different domains will occur, and
the soft domain sustains the higher plastic strains than
the hard domain [21,22]. Correspondingly, GNDs are
accumulated inevitably owing to the plastic strain gra-
dient across the domain interfaces, leading to the HDI
hardening and the enhanced ductility for the material.
Specifically, the HDI strengthening/hardening are closely
related to the mechanical incompatibility between the
neighboring domains. This then raises one question,
i.e. how is the evolution of deformation incompatibil-
ity within a heterostructured material related to the
HDI strengthening and hardening? On the other hand,
the accumulation of GNDs during deformation leads to
the development of internal stress, which changes the
stress state and mechanical response of different domains
and enables dynamic stress/strain transfer between the
domains [21,23-25]. However, it is still unclear that
how the constituent domains interact and coordinate
with each other during co-deformation. In particu-
lar, the quantitative relationship between the interac-
tion of soft and hard domains and HDI strengthen-
ing/hardening remains an open issue. Solving these prob-
lems is a prerequisite for understanding the deforma-
tion micromechanisms in heterostructured materials and
designing materials with high performances.

In that context, it is urgent to accurately reveal
the stress/strain partitioning in heterostructured mate-
rials under external loading together with its effect on
micromechanical behaviors and global properties with
the help of advanced characterization techniques. Wang
etal. designed a prestraining-peeling-retesting procedure
to quantitatively estimate stress—strain behavior of the
NG brass layers in a Cu/brass laminate [26]. Based on
the in-situ synchrotron based high-energy X-ray diffrac-
tion technique, Wu et al. obtained the lattice strain evo-
lutions in an interstitial-free steel that is processed by
the surface mechanical attrition treatment, through the
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layer-by-layer measurements [21]. Accordingly, the evo-
lution of plastic accommodation in the gradient structure
was clarified. However, the application of those tech-
niques in revealing the correlation between macro- and
micro- mechanical behaviors in heterostructured materi-
als is very limited. Here, we select the multilayered Ti/Nb
composites with the simple lamellar structure as the
model materials. By employing in-situ neutron diffrac-
tion technique, the stress—strain responses of respective
constituents and the corresponding deformation incom-
patibility in the laminates under uniaxial tension are
characterized quantitatively. Surprisingly, the Nb layers
with ultra-fine grain thickness exhibit unique work hard-
ening behaviors and sustainable tensile strains. Further
microstress analysis reveals that deformation incompati-
bility within the laminates is closely related to the evolu-
tion of HDI stress in bulk materials. This work provides
direct evidence for the source of HDI strengthening and
hardening in heterogeneous laminates.

Experimental

The laminates consisting of alternatively stacked pure
titanium (T1i) and pure niobium (Nb) plates with a thick-
ness of 1 mm were fabricated by accumulative roll bond-
ing (see details in Ref. [25]). Then the laminates were
annealed at 575°C for 1h. In this paper, to obtain uni-
versal conclusions three laminates with the nominal layer
thickness (h) of 368, 48 and 1.6 um were investigated,
where the nominal layer thickness is defined as the total
thickness of each laminate divided by the number of con-
stituent metal layers. The volume fraction of Nb (fxp,)
and the number of layers in each laminate are listed
in Supplementary Table S1. Microstructures of the lam-
inates were observed using a JEOL JSM-7001F scan-
ning electron microscope (SEM) and a Zeiss Crossbeam
550 microscope equipped with the electron backscat-
ter diffraction (EBSD) detector. In-situ neutron diffrac-
tion tests during room-temperature uniaxial tension were
performed on the VULCAN diffractometer at the Spalla-
tion Neutron Source (SNS), Oak Ridge National Labo-
ratory (ORNL), with the experimental setup and sample
geometry detailed in Ref [27]. To make sure that defor-
mation occurs in the sample center, a tapered gauge
dimension with total length of 15mm and width of
2.6 mm was designed. The gauge thickness was in a range
of 1.74 ~2.45 mm. In-situ uniaxial tensile tests were car-
ried out at a nominal strain rate of ~5x 107°s7! to
ensure good data statistics and minimize fitting statis-
tics error. Throughout the continuous loading, neu-
tron diffraction patterns were recorded successively and
subsequently chopped into 7 min intervals using the
VULCAN Data Reduction and Interactive Visualization
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Figure 1. Typical lamellar morphology and detailed microstructure across heterophase interfaces in the Ti/Nb laminates: (a)
h =368 um (b) h = 48 umand (c) h = 1.6 um. The insets in (a)-(c) are high-magnification micrographs showing the sharp interfaces.
The white dotted lines in (d)—(f) represent the heterophase interfaces between the Ti and Nb constituents. fyy, is the volume fraction of

Nb.

software (VDRIVE). Single peak fitting was used to track
the orientation-specific lattice spacing (dhi), and then
the corresponding lattice strain and average engineering
stress of each individual metal (a stress averaged over
the differently oriented grains relative to their volume
fractions) were evaluated, respectively (Note (i) in Sup-
plementary material). Further, interphase stress within
one laminate was calculated as the difference in stress
between the constituent metals [28-30]. To quantitatively
evaluate the evolution of HDI stress, loading-unloading-
reloading (LUR) tests [19] were performed on a Shi-
madzu AG-Xplus machine at a loading strain rate of
1073s! and an unloading rate of 250 N-min~! to the
minimum load of 80 N. Dog-bone shaped tensile sam-
ples with a gauge length of 12 mm and a width of 3 mm
were used.

Results and discussion

Figure 1(a-c) are SEM images showing clear Ti/Nb
interfaces in the laminates. Our previous study on the
ARB processed Ti/Nb laminates has shown that the het-
erophase interfaces are sharp and without amorphization
and intermetallic compounds formed at the interfaces
[25]. Microstructures in each individual metal across the
interfaces were further characterized by EBSD, as shown
in Figure 1(d-f). The Ti layers are featured by the recrys-
tallized coarse grains with an average grain size of sev-
eral tens of microns. In contrast, in Nb layers with the
higher thermal stability, non-recrystallized grains with
dense dislocations are found, and the thickness of Nb
grains in the laminates with h = 48 um and h = 1.6 um
is ultrafine (below 1 ;um). Such a dramatic microstructure
heterogeneity is expected to produce strong constraints

between the neighboring metals in the deformed bulk
laminates [23,31].

Figure 2(a) shows the true stress-strain curves
obtained during in-situ neutron diffraction tests. The
laminates with nominal layer thicknesses of 368 and
48 um display similar combinations of yield strength
(~270MPa) and uniform elongation (~10%). When
the layer thickness decreases to 1.6 um, yield strength
of the laminate increases dramatically, and is compara-
ble to that of Ti-28at.%NDb alloy [32]. However, uniform
elongation terminates prematurely before the significant
necking occurs, due to the strain localization caused
by macroscopic shear bands (to be discussed below).
Based on the lattice strains measured by in-situ neutron
diffraction, the evolution of average engineering stress in
respective metals with the applied strain can be derived
[25,33]. Further, as shown in Figure 2(b-d), the true
stress (vertical axis) is calculated by multiplying aver-
age engineering stress with (14-€), where € is the applied
strain. Three typical mechanical behaviors are found in
the Nb constituent with ultra-fine grain thickness. First,
the Nb layers show the higher flow stress and moderate
work hardening, which is in sharp contrast to that of UFG
Nb alloys [34]. UFG/NG metals generally exhibit very
limited uniform elongation and unstable work harden-
ing under tensile loading [35]. Here, taking the laminate
with a nominal layer thickness of 48 um as an exam-
ple, during plastic deformation the true stress increases
slowly from 356 MPa to 412 MPa (corresponding to 0.13
true strain). Second, in all laminates the Nb constituent
displays decent uniform elongations (even for the lam-
inate with a nominal layer thickness of 1.6 um, Figure
S1 in Supplementary material), which is attributed to
the delayed strain localization by constraints between the
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Figure 2. (a) True stress—strain curves of the Ti/Nb laminates obtained from in-situ neutron diffraction tests. The stress—strain curves of
initial pure metals and Ti-28at.%Nb alloy[32] obtained from conventional tensile tests are also provided. (b)—(d) Evolutions of average
true stress of each constituent metal and interphase stress as a function of applied true strain in the laminates with initial layer thicknesses

of 368,48 and 1.6 um.

constituent metals. Third, during uniform elongation of
the bulk laminates, Nb shows the continuously decreased
flow stress (Figure S1, Supplementary material), indi-
cating the gradually decreased ability to bear load in
this metal. In contrast, in homogeneous metals the ever-
increasing flow stress is a prerequisite for maintaining the
uniform elongation during tensile deformation [36]. The
mechanical properties of Nb layers in the studied Ti/Nb
laminates agree well with that of UFG brass layers in the
Cu/brass laminates under tensile loading [26].

In addition, Figure 2(b-d) also present the phase-to-
phase interaction i.e. the interphase stress (0 inter, indi-
cated by the blue circle symbols). The blue solid lines are
the fitted flow curves showing the evolution tendency.
Due to the elastic mismatch, mechanical incompatibility
between two constituent metals is expected to occur in
the elastic regime, and thus the interphase stress increases
with the elevated strain (stage I). When micro-yielding
occurs in the Ti layers, a load transfer from ‘soft’” Ti
to ‘hard” Nb becomes apparent, resulting in the mild
development of interphase stress (stage II). After macro-
yielding of the Ti/Nb laminates (~0.01 true strain), the
Ti layers are hardened remarkably, and the deformation
incompatibility between Ti and Nb becomes less signif-
icant. Therefore, the interphase stress decreases signifi-
cantly (stage III). When the applied true strain reaches

~ 0.06, interphase stress in each laminate decreases mod-
erately, and the value comes to a plateau in the late stage
of deformation (stage IV). As all metal layers in the lam-
inates are subjected to the same applied tensile strain
along the loading direction [14,37], the decreasing inter-
phase stress after macro-yielding indicates the decreasing
difference of plastic strains between the constituent met-
als, i.e. the occurrence of plastic accommodation. In fact,
plastic accommodation and deformation incompatibility
are often coupled in heterogeneous materials, and plastic
accommodation occurs soon after yielding and continues
throughout the whole deformation [21].

Further, LUR tests were performed to evaluate the evo-
lution of HDI stress in each laminate, as displayed in
Figure 3. To clearly show the trends, the HDI stress of
an additional Ti/Nb laminate with the initial layer thick-
ness of 5 um is also presented. Figure 3(a) shows the
true stress—strain curves of the laminates during the LUR
tests. The equation proposed by Yang et al. [38] is used to
calculate the HDI stress, i.e.

oupr = (or +04)/2 (2)

where o and o, are the elastic limit during unload-
ing and reloading, respectively, as defined in the inset of
Figure 3(b). As shown in this figure, in four laminates
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Figure 3. (a) LUR curves of the laminates with different initial layer thicknesses. (b) Evolution of HDI stress as a function of true strain
deduced from the LUR curves. The inset in (b) is the schematic of an unloading-reloading loop.
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phase stress. (c) Plot of the HDI hardening vs. the interphase stress for the studied laminates. The solid lines are the fitted lines using a
power function, and the grey arrows indicate the direction of the increased tensile loading.

the evolutions of HDI stress with the increasing strain
are consistent. Namely, at low plastic strains ( < 0.06 true
strain), the HDI stress increases significantly with defor-
mation, due to the significant strain partitioning between
constituent metals. However, at higher strain levels, the
HDI stress tends to be saturated due to the weakened
interaction between the metals. Fang et al. also found in
a brass with heterogeneous lamellar structure that under
high plastic strains, conventional forest dislocation hard-
ening dominates the strain hardening [20]. Moreover,
under one constant applied strain, the HDI stress of the
Ti/Nb laminates increases monotonically with decreas-
ing layer thickness and the laminate with the initial layer
thickness of 1.6 ym shows the highest HDI stress. This

is in good accordance with the significant increment of
interface constraint effects with the reduced layer thick-
ness in Ti/Al multilayered composites as revealed by the
combination of in-situ neutron diffraction and digital
image correlation (DIC) techniques [14]. The trend also
agrees with that in the Cu/brass laminates predicted by
constitutive models [39].

When comparing the evolutions of HDI stress and
interphase stress with straining in the Ti/Nb laminates,
several common features can be captured (Figure 4(a)).
First, at the macroscopic yield point (corresponding to
~0.01 true strain, i.e. the starting point of stage III), the
HDI stress is comparable to the interphase stress, which
is corresponding to the maximum interphase stress. This



means that the mechanical incompatibility accumulated
in elastic and elasto-plastic deformation regimes leads to
pronounced HDI strengthening, and determines the HDI
stress in the current laminates. Second, with increasing
plastic strain (stage III and IV), evolution rate of HDI
stress and interphase stress gradually decrease, and the
both values come to a plateau at the late stage of defor-
mation. In order to identify the relationship between
deformation incompatibility and HDI strengthening, the
evolution of HDI hardening as a function of applied true
strain is also plotted in Figure 4(a). It is evident that the
HDI hardening decreases with the decreasing interphase
stress, namely, the hardening induced by heterostruc-
tures decreases with the deformation accommodation
between constituent metals. Figure 4(b) shows the curves
of HDI hardening and the interphase stress evolution rate
with deformation. The interphase stress evolution rate
is the derivative of interphase stress with respect to the
applied true strain. When Ti/Nb laminates yield, the HDI
hardening drops remarkably, while the evolution rate
of interphase stress decreases gradually. When entering
stage IV, the evolution rate of interphase stress becomes
stable and even converges to zero. Concomitantly, the
HDI hardening remains almost unchanged. This means
that HDI hardening shows the consistent evolution
trend as interphase stress. The quantitative relationship
between interphase stress (ointer) and HDI hardening
(®upr) for the studied laminates can be represented by
a nonlinear formula, i.e. Oyp; = a(l + Cinter)?, Where
a and b are fitting parameters (Table S2, Supplemen-
tary material). As shown in Figure 4(c), in all plastically
deformed laminates the HDI hardening decreases expo-
nentially with decreasing interphase stress. This implies
that HDI hardening has a direct relationship with defor-
mation incompatibility between the constituent met-
als. Therefore, the phase-to-phase interaction could be
served as an important indicator for evaluating the
HDI strengthening and hardening for the laminated
composites.

Conclusion

In summary, to quantitatively reveal deformation incom-
patibility in the laminates composed of coarse-grained
Ti and Nb with ultra-fine grain thickness under ten-
sile loading, mechanical responses of each constituent
metal are characterized by in-situ neutron diffraction.
The Nb layers constrained by the softer Ti layers show
moderate work hardening and only slightly reduced flow
stress during uniform deformation, which is distinctly
different from that of UFG Nb alloys with uniform
structures. When the laminates yield, the mechanical
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incompatibility accumulated in both elastic and elasto-
plastic deformation regimes leads to pronounced HDI
strengthening, and the HDI stress value is comparable
to the maximum interphase stress. As the applied strain
increases, HDI hardening and interphase stress show the
similar evolution trend, indicating that HDI hardening is
directly related to deformation incompatibility between
the constituent Ti and Nb. Therefore, the interaction
between dissimilar metals, i.e. interphase stress, could be
served as an important indicator for evaluating the HDI
strengthening and hardening for laminated composites.
These findings provide crucial insight into the strength-
ening and toughening mechanisms caused by inhomo-
geneous deformation in heterostructured laminates, and
potentially guide the development of high-performance
structural materials.
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