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a b s t r a c t

Here we present a microstructure design approach which leads to partial recrystallization and nano-

precipitation within the same single-step heat treatment. This produces a dual-constituent micro-

structure in Ti-Nb based gum metal, which consists of nano-u-particle-rich ultrafine recrystallized grain

chains embedded in u-lean subgrain-containing recovered zones. This partially recrystallized micro-

structure exhibits an improved strength-ductility combination that surpasses the inverse strength-

ductility relationship exhibited by materials with similar composition. The strengthening effects due

to precipitates and grain refinement were studied by nanoindentation. The deformation mechanisms of

the partially recrystallized material were investigated by in-situ scanning electron microscope tensile

tests, micro-strain mapping and post-mortemmicrostructure characterization. The improved mechanical

properties are attributed to the high yield strength of the recrystallized grains and the sequential acti-

vation of dislocation slip and dislocation channeling.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Partial recrystallization has beenwidely used as a tool to improve

either the ductility or the strength of metallic materials. Typical

examples of the former effect are low temperature annealing of

nanostructured materials [1e3] and texture modification of Mg-

alloys containing rare earth elements [4,5]. Regarding the latter

effect, recrystallization is known to drastically decrease the strength

of pre-strained materials [6,7]. Thus, various methods based on

partial recrystallization have been studied to preserve the strength,

such as post-recrystallization aging to form precipitates [8,9] and

stacking fault energy reduction to retain nano-twins in the non-

recrystallized zones [10,11]. Here, we propose an approach to ach-

ieve an enhanced strength-ductility combination by incorporating

nano-precipitation in partial recrystallization with a single-step

heat treatment. After the heat treatment of a strongly cold worked

microstructure, the recrystallized and recovered constituents in the

obtained microstructure are expected to have different strength-

ening and deformation mechanisms. This is due to the spatially

differing recrystallization kinetics leading to variations in grain size

and nano-phase content. This approach is demonstrated on gum

metal [12], which is a metastable b (bcc)-structured Ti-Nb based

alloy that forms nano-sized martensitic a’’- or u-phase depending

on the thermomechanical treatments. Gum metal provides the

possibilities of (i) tailoring the starting microstructure guided by

thorough studies on its coldworkedmicrostructures [13,14], and (ii)

introducing multiple nano-structured features (a’’- and u-phase)

[15e18]. Although gummetal is a biomedical candidate alloy due to

its biocompatibility and low Young's modulus (40 GPa) [12,19,20],

its yield strength and its fracture resistance must be improved for

biomedical applications [20e22]. These two requirements are

addressed with the proposed approach.

2. Experimental methodology

2.1. Recrystallization treatment design

Gummetal was 80% cold rolled leading to deformation-induced

microstructural features including elongated grains and shear

bands, fiber-type crystallographic texture, and in-grain dislocation

substructures. This pre-straining level with a true strain1 of ~1.6

* Corresponding author.

E-mail address: tasan@mit.edu (C.C. Tasan). 1 This is calculated fromlnðt0=tf Þ, where t is the rolled metal sheet thickness.
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(medium deformation) provides sufficient driving force for recrys-

tallization, and it conserves the freedom to control the recrystalli-

zation volume fraction as well. Partial recrystallizationwas realized

at 800 #C (above the b-transus), based on the results of previous

recrystallization studies [23e25] to avoid concurrent recrystalliza-

tion and a-phase formation. The presence of a-phase can lead to

undesired changes in the Young'smodulus andwork hardening rate

of gum metal [12]. 50 K s$1 was used as the heating rate to ensure

temperature homogeneity and to suppress recovery by narrowing

its time window before recrystallization.2 A moderate cooling rate

of $50 K s$1 was selected to favor nano-u precipitation, which is

beneficial due to the associated precipitation hardening effect and

dislocation channeling mechanism [26], by avoiding both a-phase

andmartensitic a’’-phase transformation. The former is a diffusional

transformation enhanced by slowcooling rates [25,27], whereas the

latterwas reported to form instead ofu during fast cooling [28]. Fast

cooling leaves avery limited time foru-phase transformation before

the temperature reaches the a’’-phase transformation start tem-

perature (~room temperature (RT)) [28,29]. Even though the oxygen

in the gum metal chemical composition could help retard the a’’-

phase transformation [16,30], we intended to eliminate the possi-

bility of forming a’’-phase by using a moderate cooling rate.

2.2. Experimental details

Gum metal with a composition of Ti-35.7Nb-1.9Ta-2.8Zr-0.4O

(wt.%) was produced via arc-melting under argon atmosphere

and cast into a rectangular copper mold. The ingot was subse-

quently annealed for 4 h at 1200 #C for homogenization and then

furnace cooled. The average initial grain size (d) of the as-solution

treated (ST) material was ~60 mm. The rectangular block was cold

rolled at RT to ~80% thickness reduction to obtain the described

starting material.

All heat treatments were carried out on rectangular samples

(6 % 4 % 1 mm3) in a DIL805A/D dilatometer (B€ahr Thermoanalyse

GmbH), which enables an accurate control of temperature, heating/

cooling rate, and atmosphere. Argon and helium were used

respectively as the protecting atmosphere during holding and as

the cooling agent. A newly upgraded multi-probe microstructure

tracking method [31] was used to study the primary recrystalliza-

tion behavior. Among the partially recrystallized states, the 20%

(800#C-60 s) and 70% (800#C-300 s) recrystallized materials were

selected for mechanical property investigations. Some partially

recrystallized materials were additionally aged at 350 #C for 2 h to

study the u-phase distribution.

All samples probed by scanning electron microscope (SEM)

were wet-ground and polished. Final polishing was carried out

using a solution of silica particle suspension with 25% H2O2. The

microstructures in all states were characterized in a Zeiss-

Crossbeam XB 1540 FIB-SEM (Carl Zeiss SMT AG). A EDAX/TSL

system (AMETEK GmbH) equipped with a Hikari camera was used

for electron backscatter diffraction (EBSD) measurements. Sec-

ondary electron (SE) and backscattered electron (BSE) imaging

were conducted using an accelerating voltage of 15 or 30 kV. The

recrystallization fraction (fRex) was estimated using two methods:

(i) large field (~200 % 500 mm2 in each state) EBSD grain average

misorientation maps to differentiate the recrystallized and recov-

ered3 zones; (ii) color orientation contrast images of an integrated

area of ~1% 1.5 mm2 in each state, taken in a Zeiss Merlin equipped

with a Bruker EBSD system (Bruker Nano GmbH), to yield adequate

statistics. Color orientation contrast images, captured and inte-

grated by three forward-mounted backscatter detectors positioned

below the EBSD detector, assign different colors to pixels with

respect to their orientation, as the electron beam is raster scanned

across the specimen surface [32].

Transmission electron microscopy (TEM) specimens were lifted

out following a site-specificmethod [33] in a dual-beam focused ion

beam (FIB) Helios Nanolab 600i (FEI). TEM observations were per-

formed in a JEOL JEM-2200 FS (JEOL GmbH) at an operating voltage

of 200 kV, throughwhichbrightfield (BF), darkfield (DF) images and

selected area diffraction patterns (SADP) were recorded by a Gatan

CCD camera (Gatan, Inc.). Scanning transmission electron micro-

scopy (STEM) images were captured using a scanning transmission

electron imaging (STEI)-BF detector with a 100 cm camera length.

Dog-bone-shaped tensile samples (gauge geometry: 4 % 2 % 1

mm3) were cut by electrical discharge machining (EDM) with the

gauge length parallel to the rolling direction (RD). Tensile tests

were carried out using a 5 kN Kammrath & Weiss tensile stage

coupledwith in-situ imaging of speckled patterns on tensile sample

surfaces using a high speed camera. The data were used for digital

image correlation (macro-DIC: spatial resolutionz120 mm) ana-

lyses performed by employing the ARAMIS software (GOM GmbH).

To study the deformation mechanisms, in-situ tensile tests were

conducted using a SEM tensile stage designed in house, applying a

recently developed correlative microstructure and DICmicro-strain

mapping method [34]. In each deformation stage, micro-strain was

mapped with 0.25 mm spatial resolution, and the microstructure

was imaged by BSE (also by EBSD in selected stages). Note that due

to the difference of the spatial resolutions between the macro- and

micro-DIC strain measurements, percentage and rational numbers

are used here respectively for clarity.

The heights of the deformation-induced slip steps that appeared

on the pre-polished tensile sample surfaces were measured with a

NI/Veeco dimension 3100 atomic force microscope (AFM) operated

in tapping mode. The lateral resolution of a scanmapwas set as 512

points along a distance of 30 mm. A scan rate of 0.25 Hz and a tip

velocity of 25 mm s$1 were used for the measurements. The data

analysis was performed with the help of the Gwyddion software

following a three-point plane correction of the zero level. The

heights extracted as line profiles were averaged within a 1 mm

width along the drawn line.

Nanoindentation tests were carried out using a Hysitron Tribo-

Scope 950 nanoindentation system with a Berkovich shaped

indenter in a load-controlled mode and with a maximum load of

2500 mN. The hardness of a matrix of 10% 10 indents with a spacing

of 15 mm were mapped.

3. Results

3.1. Recrystallization kinetics and microstructure evolution

Recrystallization kinetics curves at 800 #C (Fig. 1a) obtained

from EBSD maps (solid line) and color orientation contrast images

(dashed line) reveal consistent trends that follow the general

recrystallization kinetics curve of single phase materials [7]. 20%

and 70% recrystallized materials were selected for further charac-

terization, since they show representative microstructures of the

nucleation stage and of the grain impingement stage. In all mi-

crostructures shown in Fig. 1, the top and bottom parts of the EBSD

maps are taken from the center layer and the roll contact surface,

respectively.4 The image quality (IQ) overlaid inverse pole figure

2 This is following the assumption that recovery generally has a lower activation

energy than recrystallization at high temperatures [7].
3 Recovered describes a microstructure state that is in recovery.

4 In the roller contact surface, ~100 mm thick zone was excluded due to low EBSD

indexing (confidence index< 0.1).
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(IPF) map of the 80% cold rolled material (Fig. 1b) shows elongated

prior deformed grains with an increasing density of shear bands

from the center to the surface. The kernel average misorientation

(KAM) map of the 20% recrystallized microstructure (Fig. 1c) shows

that most of the recrystallized grains form chains that align in the

RD and that some individual grains sit in the center layer. On the

other hand, in the 70% recrystallized material (Fig. 1d) recovered

islands are surrounded by larger recrystallized grains as compared

to those in the 20% recrystallized state.

To understand the microstructure evolution during partial

recrystallization, a recently developed microstructure tracking

methodology was employed [31]. It is intrinsically challenging to

study the recrystallization behavior by 2D observations owing to

the unknown 3Dmorphology of the recrystallized grains. However,

careful inspection of the 2D microstructure can still provide

detailed information (Fig. 2). Fig. 2a, c and Fig. 2b, d shows

respectively the IQ overlaid IPF and KAMmaps of a selected area in

the center layer of a cold rolled specimen before and after 20%

recrystallization treatment (800#C-60 s). By identifying the

recrystallized grains (Fig. 2b and d) and labeling their relative po-

sitions with arrows (Fig. 2a and c), three types of recrystallization

locations are recognized: shear bands (yellow arrows), high angle

grain boundaries (HAGBs) of the prior grains (white arrows) and

pre-existing NbO inclusions (red arrows). The recrystallized grains

first appear in the vicinity of the HAGBs and shear bands, which is

consistent with the commonly reported recrystallization behavior

of single phase materials [7]. These recrystallized grains are either

nucleated from those regions or grown from the prior subgrains in

the vicinity to minimize the stored deformation energy. This ex-

plains the formation of chains of recrystallized grains aligned in the

RD in the 20% recrystallized material (Fig. 1c). Those individual

recrystallized grains (red arrows) are formed through particle

stimulated nucleation (PSN) [7] around the NbO inclusions.

The orientation distribution functions (ODFs) of this specific

area (Fig. 2) before and after recrystallization are plotted in Fig. 2e,

with important texture components schematically overlaid on the

ODF of the 80% cold rolled state. The comparison between the two

ODFs reveals that the abcc-fiber intensity (green arrow) decreases

and the gbcc-fiber intensity (blue arrows) increases during recrys-

tallization, which agrees with the general evolution of the bcc

texture during recrystallization [35,36].

Neither a-phase nor martensitic a’’-phase was observed in

either the 20% or the 70% recrystallized microstructure. Athermal

u-phase is expected in the partially recrystallized microstructure;

thus, its presence was carefully investigated by TEM. Fig. 3a and

d shows STEM images of the areas containing recrystallized grains

and recovered zones, in which the average misorientations be-

tween a pair of adjacent subgrains and a subgrain with its neigh-

boring recrystallized grain are shown and indicated by yellow

arrows. The [110]b SADPs were captured from both the recovered

subgrain (Fig. 3b) and the recrystallized grain (inset of Fig. 3e) using

exactly the same imaging conditions5 for TEM. Both SADPs show

profuse diffuse streaks along the q211-type reciprocal vectors. These

features are generally regarded as an indication of the incom-

mensurate athermal u-phase with partially collapsed {222}b planes

observed also in undercooled or irradiated materials [15,37].

However, this point is still debated due to the difficulty in imaging

the u-phase with such weak reflections [15,17,30,38]. In this work,

these diffuse streaks are interpreted to show the presence of u-

phase, based on former works on gum metal of this composition

[14,18,26]. In addition, extra efforts were placed on imaging the

~1.95 nm diameter u-precipitates in the recrystallized grain using

long exposure DF images (Fig. 3e). However, it was not possible to

capture a clear DF image from the recovered subgrains. To compare

the volume fractions of the athermal u-phase in these two zones,

intensity profiles of the diffuse streaks along the four q211-type

reciprocal vectors (green lines in Fig. 3b and blue lines in the inset

of Fig. 3e) were captured, averaged, and plotted in Fig. 3c. The

higher u-phase reflection intensities from the recrystallized grains

Fig. 1. Recrystallization kinetics curves and microstructure evolution during recrystallization of gum metal at 800 #C. (a) Recrystallization kinetics curves and recrystallized grain

size evolution with error bars showing the standard deviation. The recrystallization kinetics curves were obtained from both EBSD and color orientation contrast images, which

assign different colors to pixels with respect to their orientation during raster scanning of the electron beam. The half cross-section microstructures of the (b) 80% cold rolled, (c)

20% and (d) 70% recrystallized materials are shown as EBSD IQ overlaid IPF map and KAM maps with white HAGBs. Recrystallized grains are identified as the grains with low KAM

and surrounded by HAGBs. Rex: recrystallized; ND: normal direction; TD: transverse direction; IQ: image quality; IPF: inverse pole figure; KAM: kernel average misorientation;

HAGB: high angle grain boundary. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5 The imaging conditions (e.g. spot size, exposure time) were kept constant to

ensure that the intensities of the reflections in the SADPs were determined by the

relative volume fractions of the constituent phases.
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than from the recovered zones provides the first indication that the

former has a higher volume fraction of the athermal u.

Isothermal u is commonly recognized as grown from the prior

athermal u [37], therefore, an aging treatment was carried out at

350 #C for 2 h to obtain large isothermal u to validate the obser-

vation on the athermal u (Fig. 3c). The isothermal u-precipitates

are generally shown in lenticular shape in the DF images (Fig. 3g

and i). The comparison between the superimposed images of theu-

phase, which were extracted from the DF images with the same

threshold settings, reveals a higher volume fraction of the u-phase

in the recrystallized grain (~13 vol %, Fig. 3j) than that in the

recovered subgrain (~7 vol %, Fig. 3h). Furthermore, the intensity

profiles averaged from the four q211-type reciprocal vectors,

marked in the inset SADPs in Fig. 3g and i, also show much higher

intensities of the u-phase reflections from the recrystallized grain

(Fig. 3f). This is yet another indication that the recrystallized grains

contain a higher volume fraction of the u-phase than the recovered

subgrains. In summary, Fig. 3 demonstrates that the moderate

cooling rate of $50 K s$1 successfully prevented the formation of

both a- and a’’-phase and enriched nano-sized u-phase in the

recrystallized grains.

3.2. Mechanical properties and deformation mechanisms

In Fig. 4a, the engineering stress-strain curves show that the

ultimate tensile strength (UTS) and the total elongation (TE) of the

20% recrystallized material increase by ~40% and ~70% compared to

the as-ST and the 80% cold rolled states, respectively. These me-

chanical properties are compared to those of other b-Ti alloys with

similar gauge geometries [12,19,39e43] to the samples used in this

work in Fig. 4b. The caption provides a more detailed description of

the data points. Typically, mechanisms or processing methods that

increase the strength decrease the ductility and vice versa, a phe-

nomenon referred to as the inverse strength-ductility relationship.

This was observed for different factors in the literature [19,39e43],

which is represented by the datasets marked with grey dotted lines

in Fig. 4b. However, the partially recrystallized gum metals exhibit

mechanical properties (pink and purple circles) that exceed the

inverse strength-ductility relationship established by current Ti-

Nb-based alloys.

To identify the relative hardness of the recovered and recrys-

tallized zones, nanoindentation tests were conducted. The inden-

tation size effect [44] and the grain boundary vicinity effect set the

lower and the upper limits for the size of the applied indents. As a

result, a maximum load of 2500 mN was used considering an

average recrystallized grain size of ~2.1 mm and a ratio of 2.5 be-

tween the plastic deformation zone and the contact diameter of an

indent [45]. By identifying the indents in the recrystallized grains

and the recovered zones, the average nano-hardness values of

these two constituents were calculated and plotted in Fig. 5. It is

shown that the recrystallized grains have a slightly higher hardness

than the recovered zones. This phenomenon is discussed in section

4.1 with respect to their specific hardening mechanisms, namely,

grain refinement with the associated Hall-Petch effect, u-precipi-

tate hardening in the recrystallized grains, and deformation hard-

ening via subgrains in the recovered zones.

To uncover the deformation micro-mechanisms, in-situ SEM

tensile tests coupled with DIC micro-strain mapping [34] were

conducted on the 20% recrystallized samples. The von Mises

equivalent strain is used for the micro-strain mapping because of

its positive correlation to the statistically stored dislocation (SSD)

density. Fig. 6a1 and a2 show the BSE image and the strainmap of an

undeformed microstructure. When the average von Mises strain

over the studied area (ε) is ~0.01 (Fig. 6b2), i.e. in the elastic regime,

the strain is uniformly distributed with no deformation features,

except for some changes in the BSE contrast due to local lattice

rotation (red arrows). Plastic deformation is initiated (ε z 0.02,

Fig. 6c1) at a high yield strength (1130MPa), when a few dislocation

slip lines appear in the recovered zones and strain localization is

captured in the recovered zones (grey arrows in Fig. 6c2) and at the

HAGBs and triple junctions of the recrystallized grains (white ar-

rows in Fig. 6c2). These dislocations can glide over large distances

since they can penetrate the low angle grain boundaries (LAGBs)

that surround the subgrains. At a strain level ε z 0.03, the plastic

deformation proceeds through activation of the same slip system(s)

(Fig. 6d1). Furthermore, the BSE contrast between adjacent

Fig. 2. Quasi-in-situ tracking of the microstructure evolution of a selected area before and after 20% recrystallization treatment. EBSD IQ overlaid IPF and KAM maps show

respectively the microstructures of (a and c) the 80% cold rolled and (b and d) the 20% recrystallized materials. The recrystallization locations at the shear bands, HAGBs of prior

grains (the grains before cold rolling) and pre-existing NbO inclusions are indicated with yellow, white and red arrows, respectively. The evolution of the micro-texture before and

after recrystallization is shown as ODF in (e). ODF: orientation distribution function. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. Distribution of nano-sized u-phase after recrystallization. STEM images of the (a) 20% recrystallized and (d) 20% recrystallized and aged (350#C-2 h) materials. The areas in

the recovered subgrains and the recrystallized grains, from which the SADPs and the DF images are captured, are marked by the green and blue dashed circles, respectively. The

average misorientations between a pair of adjacent subgrains and a subgrain with its neighboring recrystallized grain are also shown and indicated with yellow arrows. The key

diagram of the SADP with the [110]b zone axis is shown as inset in (a). (b) and (e) show, respectively, the SADP of the recovered subgrain and DF image of the athermal u-phase with

the SADP as inset, captured from the area shown in (a). Intensity profiles averaged from the four green lines in (b) and the blue lines in the inset of (e) for the 20% recrystallized

material, and in the insets of (g) and (i) for the 20% recrystallized and aged material are plotted in (c) and (f). The DF images of u-phase in the aged material with two different

variants are captured from both (g) the recovered subgrain and (i) recrystallized grain. (h) and (j) show the superimposed images extracted with the same threshold settings from

(g) and (i). Rex: recrystallized; Rec: recovered. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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subgrains progressively changes, whereas the recrystallized grains

show no plastic strain accumulation except for the largest grain

(Fig. 6c2 and d2).

As deformation proceeds, another type of dislocation slip lines,

which create more pronounced surface steps and in turn stronger

SE contrast than the slip lines in the recovered zones (Fig. 6), ap-

pears in the recrystallized grains. Following this observation, these

two types of dislocation slip lines were studied using post-mortem

AFM at themacro-DIC local strain levels (ε0) of ~5% and ~15% (Fig. 7).

Note that ε0 is the true strain of a much larger area than the area

studied by micro-DIC in Fig. 6, due to the much lower spatial res-

olution of macro-DIC (120 mm) as compared to micro-DIC

(0.25 mm). Fig. 7c and f shows that the heights of the surface

steps along the blue arrows (blue curves) in the recrystallized

grains are generally <5 nm, whereas those in the recovered zones

(red curves) are a factor 2e4 higher (10e20 nm). The slip lines

across the black arrows (black curves) show two characteristics: (i)

they have large step heights (ε’z5%: 13e35 nm and ε’z15%:

19e72 nm); (ii) they are parallel to the {112}b plane traces, which

indicates their formation by dislocation activity on the {112}b
planes. The number of dislocations that moved out of the pre-

polished surface on a specific slip plane can be estimated from

the height of the surface step and the Burgers vector of the dislo-

cation. As the Burgers vector of the a/2<111>-type dislocation in

gum metal is ~0.286 nm [26], the slip step (yellow arrows in Fig. 7)

with a height of 34.4 nm is formed by the slip of ~120 dislocations.

This phenomenon, that a large number of dislocations slip on a

single {112}b slip plane, is consistent with the u-phase induced

dislocation channeling reported as a deformation mechanism in

gum metal [26].

When the engineering strain (εEng.) reaches 13%, the plastic

strain localizes in the diffuse necking region, where the micro-

strain (ε) is mapped in the same way as in Fig. 6. The position of

a selected area on the tensile sample right before fracture is shown

by a black rectangle in Fig. 8a. When ε z 0.13 (Fig. 8b1 and b2), the

plastic deformation of the recovered zones is generally carried by

two dislocation slip systems, whereas the three recrystallized

grains (marked as A, B and C) show distinctly different behavior:

dislocation channeling lines (yellow arrows) appear exclusively in

grain A, but together with the conventional dislocation slip lines in

grain B; grain C deforms only by conventional dislocation slip. Upon

further straining (ε z 0.18 in Fig. 8c1 and c2), no obvious change is

observed except that more dislocation channeling lines appear in

grain B. To study the mechanical behavior of the microstructure

further, the strain increments (from ε z 0.13 to ε z 0.18) averaged

respectively over the pink-red lines and over the green-olive lines

in the strain map (Fig. 8c2) are plotted in Fig. 8d. Since the left side

of the GB in the selected area is closer to the fractured surface (black

dashed line in Fig. 8a), the strain increments here (pink and green)

are expected to be much higher than that on the right side (red and

olive). However, both strain increment profiles in Fig. 8d show,

surprisingly, higher strain increments on the right-hand side of the

GB than that on the left-hand side. This result indicates that the

strain might partition from the recovered zones to the recrystal-

lized grains as the plastic deformation localizes.

4. Discussion

4.1. Strength of the recovered zones and recrystallized grains

We first discuss the relative contributions of the recovered and

recrystallized zones to the improved yield strength of the 20%

recrystallized gum metal.

The recovered zones are hardened by the residual pre-

deformation stored in the form of subgrains. As the subgrains are

formed by dislocation entanglement and annihilation during re-

covery, we expect the amount of the residual SSDs to be small, i.e.

causing a negligible effect on the yield strength. Considering the

subgrain boundaries (<15#) as a collection of geometrically neces-

sary dislocations (GNDs) to accommodate the misorientation [28,

58], their effect on the yield strength can be estimated by the

empirical law [46,47]:

Dt ¼ GKb=D (1)

By using the shear modulus G z 25 GPa, Burgers vector

bz 0.286 nm, subgrain size Dz 550 nm, and the constant K z 10

[46,47] for gummetal, Dtwas calculated to be ~130MPa. Following

this, Ds z 319 MPa was obtained from Dt considering a Schmid

factor m of 0.408, as most of the crystal lattices in the recovered

zones pertain to the abcc-fiber texture, i.e. <110>//tensile axis (TA).

When assuming that Ds is the increase of the yield strength due to

the presence of subgrain boundaries compared to the as-ST gum

metal, the yield strength of the recovered zones is calculated to be

~1124 MPa.

The recrystallized grains are strengthened by their refined grain

size and nano-sized u-precipitates. When considering the RD-

aligned chains of the recrystallized grains as a contiguous constit-

uent along the TA, the yield strength of the recrystallized grains can

be estimated by extrapolating the Hall-Petch plot [48,49] of gum

metal, based on:

sy ¼ s0 þ kd$1=2 (2)

where s0 is the yield strength of a single crystal in the limit of a

large grain size d, and k is the Hall-Petch constant [6]. To obtain the

Hall-Petch plot, tensile test data of gummetals were collected from

former works of the authors and plotted with respect to d$1=2 in

Fig. 9. Note that this Hall-Petch plot includes the u-precipitation

hardening effect by assuming that these gum metals contain u-

phase of the same size and volume fraction. By extrapolating the

Hall-Petch plot, the yield strength of the recrystallized grains was

calculated to be 1593 MPa (pink square).

These simple considerations indicate that the strengthening

effects of grain refinement and precipitation in the recrystallized

grains aremore effective than that of the subgrains in the recovered

zones. More importantly, in agreement with the nanoindentation

results, it is validated that the recrystallized grains (1593 MPa)

contribute more to the yield strength of the 20% recrystallized gum

metal (1130 MPa) than the recovered zones (1124 MPa).

4.2. Deformation mechanisms to improve the ductility

One of the most effective ways to improve the ductility of

metallic materials is to consume the work hardening capabilities

conservatively by sequentially activating the same or different

deformation mechanisms in different microstructural constituents.

This is achieved in this work by the sequential activation of con-

ventional dislocation slip and dislocation channeling.

Dislocation channeling is a massive localized dislocation activity

due to the constraint of dispersedly distributed nano-u-pre-

cipitates in gum metal [26]. To act as effective dislocation barriers,

u-precipitates with sufficiently large size and volume fraction

(such as the ones in the recrystallized grains, Fig. 3), are required for

the activation of dislocation channeling. The u-phase trans-

formation can be strongly retarded by increasing the stability of the

b-phase, i.e. by increasing the content of b-phase stabilizers, e.g. Nb

and Ta in gum metal [50,51]. In addition, oxygen and Zr are also

known as effective additions to b-Ti alloy compositions against u-

phase transformation [52e54]. Therefore, we consider it plausible
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that the preferred elemental segregation to dislocations [6,7,55]

increases the b-stability in the recovered zones. Thus, the recov-

ered b-phase transforms to a lesser extent into the u-phase during

cooling as compared to the recrystallized b-phase grains (Fig. 3).

Moreover, interstitial oxygen is expected to exhibit the most

Fig. 4. Mechanical properties of the studied materials. (a) Engineering stress-strain curves of the 80% cold rolled, 20% recrystallized, 70% recrystallized, and as-ST gummetal. (b) UTS

vs. TE scatter plot of the mechanical properties of the studied materials in comparison to literature data. Data obtained in this work are plotted as circles with error bars showing the

maximum and minimum scatter of the properties. Each set of grey triangles with the same inner symbol represents the influence of a single factor on the mechanical properties: e.g.

filled grey triangles show the influence of the cold work on gum metal [19]; open grey triangles show the influence of oxygen content on Ti30Nb12Zr alloys [41]. Black rhombuses

represent the data points extracted from different b-Ti alloys.

Fig. 5. Average nano-hardness of the recovered zones and the recrystallized grains in

20% recrystallized gum metal with the error bars showing the standard deviation. The

inset shows the KAM map overlaid by a 30% transparent SE image of an example area

with 6 indents. Blue and green arrows indicate the indents in the recrystallized and the

recovered zones. Indents near grain boundaries and inclusions, such as the indent

marked with the black arrow, were excluded from the analysis. KAM: kernel average

misorientation; Rex: recrystallized; Rec: recovered. (For interpretation of the refer-

ences to colour in this figure legend, the reader is referred to the web version of this

article.)

Fig. 6. Deformation mechanisms at the beginning of the plastic deformation of the 20%

recrystallized material. (a1, b1, c1, d1) BSE images and (a2, b2, c2, d2) DIC micro-strain

maps of a selected area at average von Mises strain (over the studied area) levels of

0, 0.01, 0.02 and 0.03. Black lines mark the HAGBs, and the two black particles are NbO

inclusions. TA: tensile axis; BSE: backscattered electron; DIC: digital image correlation.
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Fig. 7. AFM studies of the surface steps of conventional dislocation slip and dislocation channeling. (a, d) SE images and (b, e) IPF maps of two selected areas at ε0 of ~5% and ~15%

(local strain calculated by macro-DIC). The height profiles of the surface steps obtained by AFM are plotted in (c) and (f) corresponding to the black, blue and red arrows shown in (a,

b) and (d, e). Rex: recrystallized; AFM: atomic force microscopy; LAGB: low angle grain boundary. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 8. Deformation mechanisms within the diffuse necking region of the 20% recrystallized sample. (a) SE image of the necking area of the in-situ SEM tensile sample just before

fracture. (b1, c1) BSE images and (b2, c2) the micro-strain maps with black HAGBs of the area marked with the black rectangle in (a) at εz 0.13 and εz 0.18. (d) The strain increment

(from εz 0.13 to εz 0.18) profiles averaged over the pink-red lines and over the green-olive lines in the micro-strain map with the positions of the grain boundaries marked with a

grey line. SE: secondary electron. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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significant segregation trend compared to substitutional atoms

such as Nb, Ta, and Zr, due to its small size and the short recrys-

tallization annealing duration (60 s). This effect is not studied in

this work (spatially-resolved oxygen mapping has several chal-

lenges) but is of interest for future studies.

Dislocation channeling in gum metal is activated due to partial

dislocation slip on the {112}b planes at an elevated critical resolved

shear stress (CRSS). This leads to a local u to b back transformation

and opens an u-free soft channel for subsequent dislocation slip

[26]. Following this, many dislocations glidewithin the soft channel

and form a pronounced surface step when they meet the pre-

polished surface (Fig. 7). As the dislocation activity is constrained

in a few softened channels, the interactions among dislocations on

different slip planes are reduced. As a result, pronounced disloca-

tion substructures such as cell blocks and dislocation cells do not

develop and thus also do not contribute to work hardening. In

contrast, conventional dislocation slip is active in the u-lean

recovered zones, where dislocations aremore easily nucleated. This

in turn results in a more homogeneous (less localized) dislocation

activity that promotes the formation of distinct dislocation sub-

structures. Therefore, dislocation channeling generally leads to

high yield strength (due to u-precipitate hardening) and low work

hardening, whereas conventional dislocation slip results in low

yield strength and high work hardening. Due to their distinct me-

chanical response, dislocation channeling and conventional dislo-

cation slip are activated in different deformation stages, which is

discussed in the following.

Based on Figs. 6e8, the deformation sequence of the 20%

recrystallized material can be divided into three stages as illus-

trated schematically in Fig. 10. In stage I, when the sample is first

strained, the remaining glissile dislocations in the recovered zones,

due to the low yield strength and insufficient constraint of u-pre-

cipitates, quickly activate and glide on their slip planes (Fig. 6).

During this stage, only a few large recrystallized grains show

dislocation activity; therefore, the plastic strain is mostly carried by

the recovered zones (Fig. 6c2 and d2). As the stress increases, the

second or third slip systems initiate in the recovered zones and

bring the deformation to stage II. During this stage, dislocation

multiplication leads to continuous changes of the misorientation of

the pre-existing LAGBs, which are revealed by the change of the

crystallographic BSE contrast between adjacent subgrains. Along

with the increasing stress, dislocation channeling also activates in a

few recrystallized grains (Fig. 7a).

Stage III sets in when most of the strain hardening capacity of

the recovered zones is exhausted, and the plastic strain localizes in

the neck (tensile strainz13%). In this stage, the strain partitions

slightly to the recrystallized grains, where the strain hardening rate

is more easily maintained by the u-precipitation hardening. This is

observed in Fig. 8d, namely, that the strain increases more in the

recrystallized grains, which are expected to have lower strain in-

crements than the recovered zones due to the larger distance to the

fracture surface. This dynamic strain partitioning effect has been

previously reported to improve the mechanical properties of

various materials, e.g. in TRIP-maraging steels [56,57], as plastic

strain is carried by different microstructural constituents in

different deformation stages. When the work hardening capacity of

the recrystallized grains also approaches the limit, micro-voids

Fig. 9. Hall-Petch plot of yield strength vs. d$1=2 (d: average grain size, filled black

squares) of gum metal, error bars showing the maximum and minimum scatter of the

yield strength. Extrapolated data point for the 20% recrystallized grains are marked

with the pink open square. s0z530.77 MPa and kz1503 MPa mm$1/2 are obtained

from the fitted equation of the Hall-Petch plot. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Schematic sketch showing the deformation mechanisms of the 20% recrystallized material during tensile deformation. HAGB: high angle grain boundary; LAGB: low angle

grain boundary.
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form and coalesce until the material fracture with a TE of ~22%. This

deformation sequence leads to the extended elongation of the

partially recrystallized gum metal, which helps to achieve the

enhanced strength-ductility combination.

5. Conclusions

We proposed a microstructure design approach which in-

corporates nano-precipitation in partial recrystallization. This

approach was applied to a Ti-Nb based gum metal. The mechanical

properties and deformation mechanisms of the achieved micro-

structure were investigated following a study of the recrystalliza-

tion kinetics. The main conclusions are listed in the following:

1. The targeted microstructure is successfully achieved through

partial recrystallization of the 80% cold rolled gum metal at

800 #C, followed by cooling with a moderate rate ($50 K s$1).

20% recrystallization produces a microstructure, in which RD-

aligned chains of ultrafine recrystallized grains (~2.1 mm) are

embedded in the recovered subgrain-containing zones. The

controlled cooling leads to enriched nano-u-precipitates in

recrystallized grains and depletion of u in the recovered zones,

and hence the activation of dislocation channeling in the

recrystallized grains.

2. The mechanical properties of both 20% and 70% recrystallized

gum metal exceed the inverse strength-ductility relationship

established by the literature data of metastable b-Ti alloys.

However, the 20% recrystallized material with smaller recrystal-

lized grains shows bettermechanical properties (UTSz1130MPa,

TE z 22%).

3. We attribute the improved strength-ductility combination to: (i)

contributions from both the subgrain strengthening in the

recovered zones and, to a greater extent, refined grains with

nano-u precipitation hardening in the recrystallized grains; (ii)

conservative consumption of the work hardening capabilities

via sequential activation of the conventional dislocation slip and

dislocation channeling.
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