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ABSTRACT

In orderto improve the tensile properties of additively mfattured Ti-6Al-4V parts, specific heat
treatments have been developed. Previous work detnaded that a sub-transus thermal treatment at
920 °C followed by water quenching generates a-pghasea+a’ microstructure with a high work-
hardening capacity inducing a desirable increasboaitim strength and ductility. The present study
investigates the micromechanical behavior of étig' material as well as the thermal stability of the
metastablen’ martensite. To that end, annealing of rex’ microstructure is performed and the
resulting microstructural evolution is analyzedora] with its impact on the tensile properties. A
deeper understanding of the micromechanics of thkiphase microstructure both before and after
annealing is achieved by performing in-situ tentasting within a SEM, together with digital image
correlation for full-field local strain measuremenThis approach allows the strain partitionindéo
guantified at a microscale and highlights a sigaifit mechanical contrast between the two phases. In
theo+a' microstructure, the' phase is softer than tgphase, which is confirmed by nanoindentation
measurements. Partial decomposition of the mateerduring annealing induces a substantial
hardening of the' phase, which is attributed to fine-scale preatfmin and solution strengthening. A
scale transition model based on the iso-work assom@nd describing the macroscopic tensile
behavior of the material depending on the individeeechanical behavior of each phase is also
proposed. This model enables to provide insigttstime underlying deformation and work-hardening
mechanisms.
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1. Introduction
Due to their high strength-to-density ratio andrasion resistance, titanium alloys,

and Ti-6Al-4V in particular, are widely used insttural aerospace applications, where the



payoff for weight reduction is high [1]. A relatiyelow Young's modulus and excellent
biocompatibility also make Ti-6Al-4V a choice masifor biomedical devices [2]. However,
its comparatively low ductility and lack of work4fagening, with consequences on toughness
performances, still limit its use in many applicas when compared to other metals such as
steels [3]. Moreover, because of their high stiendpw thermal conductivity, chemical
reactivity with tool materials, and ‘catastrophieear’ chips formation, machining of titanium
components often remains a challenge [4]. This isriical issue in terms of cost and
productivity, especially when complex geometries rquired. In particular, very high “buy-
to-fly” ratios (up to 40:1) can be reached when himaiog aerospace components, further
increasing their cost [5].

The recent developments of additive manufacturidgV)( offer new design
opportunities and the possibility to produce lighgight structures with a “buy-to-fly” ratio
close to 1:1 [5]. However, several challenges hget to be overcome if one aims at
considering powder-bed AM processes such as Setectiser Melting (SLM) and Electron
Beam Melting (EBM) as proper industrial tools. Taoshallenges include poor surface
finishing [6-8], porosity [9,10] and residual stses [11]. In order to tackle these issues, post-
treatments are usually applied to the near-neteslpgpts, such as machining or chemical
etching to improve the surface finish [8,12-14],tHepstatic Pressing (HIP) to increase the
relative density [6,9,10,15] and improve the fatiqaroperties, or stress-relief [16]. The fully
martensitic microstructure and high residual seessbserved in as-built SLM parts are very
detrimental in terms of ductility [17,18]. Hencéyet classical thermal pathway for post-
processing of Ti-6Al-4V SLM specimens includes @s$ relief at 650 °C for several hours
[19], which induces a complete decomposition of tartensite [18,20,21]. For both EBM
and SLM parts, the presence of lack-of-fusion neglighorosities can be addressed by HIP at

920 °C, which results in a coarsening of themellae and th@ rods [15,22,23]. Stress relief



and HIP have demonstrated their efficiency in iasneg the ductility of AM parts [15,21,23].
However, they only enable a very limited controepthe microstructure, which remains far
from being optimized after post-processing. Theaultesy lamellara+( microstructure still
exhibits a lower ductility than what is typicallybgerved in a wrought material. In
comparison, during the processing of wrought Ti-8X, equiaxed or bimodal
microstructures that exhibit more balanced meclanproperties are obtained by hot
deformation [24]. Such thermo-mechanical treatmematisnot be performed on AM parts
since they already have a near-net shape in thdiugt condition. In terms of microstructural
optimization, this is a major limitation. In order further improve the mechanical properties
of AM parts, in particular their ductility and simehardening capacity, microstructure
engineering through innovative heat treatments Ishibnerefore be considered.

Fully martensitic Ti-6Al-4V exhibits poor mechaalcproperties [17,18], so that
martensite is systematically avoided or intentipndecomposed. However, the detrimental
impact of martensite is no longer observed whenntieostructure consists in a mixture of
both martensite and phase. De Formanoir et al. recently reported dhagry broad range of
tensile properties can be obtained when performuigtransudreatments followedy water
guenching generating a dual-phagera’ microstructure in Ti-6Al-4V parts produced by
EBM. Depending on the annealing temperature irotH& range, the phase proportion can be
varied. This comes with a change in the compositibeach phase since tBghase — which
in turn transforms intax’ upon quenching — gets enriched in vanadium asatheealing
temperature decreases. By finely adjusting thle phase proportions, a remarkable
improvement of the tensile behavior can be achievedvas found that a simultaneous
increase in ultimate tensile strength and elongadibfracture was observed when annealing
was performed at a temperature of about 920 °QJtheg in ao phase fraction of about 50 %

[25].



The present paper aims at investigating the orgjirthe unusual work-hardening
behavior observed in this optimized dual-phase’ microstructure.a’ martensite being an
out-of-equilibrium phase, its thermal stability hasbe assessed. This topic is addressed by
studying the microstructural evolution of dual-phasa’ Ti-6Al-4V for different annealing
temperatures and annealing times and the resutipgct on the material’s tensile properties.
In order to have a deeper understanding of the amechanics of the multi-phase
microstructure, the deformation of each individpakse is measured at the grain scale by
performing in-situ tensile testing within a ScarmiBlectron Microscope (SEM), together
with digital image correlation (DIC). A homogenizat model based on the iso-work
assumption and describing the macroscopic tensh@vior of the material, depending on the
individual mechanical behavior of each phase, $s developed. This model enables to shed
light on the origin of the enhanced work hardenepacity of the dual phaseto’
microstructures and the change of mechanical behaassociated to the thermal

decomposition of martensite.

2. Materials and methods

All specimens were manufactured by EBM, using acaf AB® A2 machine, with
the standard ARCAM melting parameters and a layéckmess of 70um. For more
information about these parameters, the readezfesred to de Formanoir et al. [26]. The
chemical composition of the Ti-6Al-4V powder usexistarting material is reported in Table
1.

The specimens underwent Hot Isostatic Pressing)(Hli.e. 2 h at 920 °C under a
pressure of 1000 bar followed by slow furnace cupli6,15]. Several samples were then
submitted to a sub-transus heat treatment, perfbratea temperature of 920 °C, for 2 h,

followed by water quenching, in order to obtainualdphaser+a’ microstructure with about



50 % of o phase [25]. To investigate the effect of martensiecomposition, a further
annealing of 1 h at 500 °C, 5 min at 700 °C ordt 00 °C was performed. Throughout this
paper, the specimens will be referred to as “920°W&00-1h", “700-5min”, “700-1h”,
respectively. During all thermal treatments, thengl@s were encapsulated in quartz tubes
filled with argon in order to avoid oxygen contaation.

The resulting microstructures were characterizgdSEM, Transmission Electron
Microscopy (TEM) (JEOL 2000 EX), and X-Ray Diffremt (XRD) (X'Pert Pro by
PANalytical, Cu ki radiation, scan step of 0.017°, counting time g).4Based on the XRD
data, the lattice parameters of each phase weeengdeed by Le Bail analysis. Electron Probe
Micro Analyzer (EPMA) measurements were performadie “920-WQ” specimen with a
15 kV accelerating voltage and 15 nA probe current.

For the evaluation of macroscopic tensile propsrtiensile specimens were machined
from EBM cylindrical specimens built with a sacciil extra-thickness of 0.5 mm to limit the
detrimental effect of the as-built surface rouglsnd®]. The tensile axis was aligned with the
build direction of the specimens. The geometryheftensile specimens is reported in Fig.1.a.
Tensile testing was carried out at room temperatiordracture, and the deformation was
measured with an extensometer at a cross-head gpdechm/min. The conventional yield
strengthoy, 0. 20sWas approximated by measuring the proof stress2a¥Oplastic strain. The
reduction of area of each specimen was measur&EMyanalysis of the fracture surface.

For micromechanical characterization, flat tenspecimens (Fig.1.b) were extracted
from EBM cuboids using electrical discharge maatgniEDM). The specimens were mirror-
polished with an OPS + 10 %,8, solution and the microstructure was revealed Ippidg
the polished specimens in Kroll's reagent (2 % BB HNG; in water) for 20s. In order to
measure the deformation of each phase, tensile weste performed in a ZEISS Gemini

SEM500 using a Deben MT2000 EWd-situ tensile stage equipped with a homemade



LabView interface allowing an accurate control loé strain rate. A strain rate of 16*was
used. For each specimen, successive high-definimages (4121 x 3253 pixels) of the same
region of interest were acquired at different strancrements using secondary electron
contrast (SE) with an acceleration voltage of 15 Kigh definition imaging (pixel size
~13 nm) was required to achieve a good descriptiothe local contrast combined with a
relatively large field of view to ensure the statisl consistency of the local strain mapping.
The comparison between undeformed (Fig.2.a) androhefd (Fig.2.b) states allows a
guantitative characterization of the strain disttibn to be obtained. It should be highlighted
that the deposition of a micro-grid or of a randspeckle at the surface of the specimen was
not required. Indeed, the microstructure patteselfit and more specifically the local contrast
induced by etching, allowed digital image corr@atio be performed, as illustrated in Fig.2.
DIC was performed using CMV software [27,28]. Fanare detailed description of the DIC
routine applied here, the reader is referred totidat al. [29,30] and Lechatrtier et al. [31] In
order to determine the strain partitioning betweesnd o'-martensite, the strain map had to
be related to the underlying microstructure. Theil8&ges were subdivided in subsets of
60x60 pixels, i.e.~800x800 nnf, and manual segmentation was performed in order to
differentiate thex phase from the’ phase, as shown in Fig.2.c. The acicular morpinlof
the a’ martensite allowed a clear and unambiguous ifleation of this phase to be
performed. Etching introduces some relief as showifig.2.a with thex phase standing out
from the surface either lower or higher thandh@hase (see yellow arrows in Fig.2.a).

For further characterization of the mechanical bavaof the o and o' phases,
nanoindentation was performed on a “920-WQ” spenimih an Anton-Paar Nano-Indenter.
A map of 21 x 21 indents over 50 x pfh?(i.e. a distance between indents of 2.5 um) was

generated, using a load of 10mN and a holding tfris.



Both in-situ tensile testing coupled with DIC arghnindentation were also performed
on a “500-1h" specimen, in order to evaluate tHecatfof martensite decomposition on the

micromechanical behavior of the material.

3. Results
3.1. Microstructure analysis
3.1.1. SEM imaging

As illustrated in Fig.3.a, as-HIP’ed parts exh#bitypicala+3 microstructure. 3-4 um
thick a lamellae are delineated by a residfahatrix made of thir rods. HIP results in a
coarsening of thex lamellae compared to an as-built microstructurewever, this sub-
transus treatment does not induce any change isitieeor in the texture of the parght
grains, which were thus consistent for all specisn&ub-transus heat treatments performed at
920 °C lead to a dual-phagea’ microstructure, as previously reported by de Famoir et al
[25]. As can be observed in Fig.3.b, coardamellae coexist with much thinner acicudar
laths, which are about 100-200 nm thick. These thils result from the martensitic
transformation of the high temperatufe phase on quenching. EPMA measurements
performed on a “920-WQ” specimen demonstrate aifsignt partitioning of both V and Al,
with 2.27 £0.13 wt.% V and 6.56 £+ 0.12 wt.% Al in whereas thex’ phase contains
5.89 +0.21 wt.% V and 5.08 £ 0.05 wt.% Al.

After a further 1 h annealing step at 500 °C, therostructure remains very similar to
that of as-quenched specimens, see Fig.3.c. Howatvarhigher temperature, namely 700 °C,
a clear evolution of the microstructure can be olexe After 5 minutes (Fig.3.d) the typical
acicular morphology of the’ martensite is no longer observed. After a lorgenealing time
of 1 h (Fig.3.e), the previously martensitic areakibit a finea+3 morphology. A bimodal

microstructure is thus obtained. It consists of iatume of relatively coarse primany laths



and much thinner (about 200 nm thick) secondalamellae delineated 4y phase, resulting

from the complete decomposition of tlienartensite.

3.1.2. X-Ray diffraction

In order to confirm the nature of the phases presethe material, X-ray diffraction
(XRD) was performed on all five specimens (Fig.4.As previously reported by de
Formanoir et al. [25], the “920-WQ” specimen, whimtntains 50 % of phase and 50 % of
o' martensite, is characterized by a splitting @& (@002} and (10-12) peaks (see arrows in
Fig.4.a), which gives evidence of the presence’ ohartensite. After annealing at 500 °C, a
relatively broad (10-12)peak can still be observed, but to a lower extiean in the “920-
WQ” specimen. This is even more the case in theisns annealed at 700 °C. This can be
related to a progressive change in chemical cortipnsioccurring during martensite
decomposition.

All annealed samples display a clgapeak, which is not observed in the reference
“920-WQ” specimen. Thif peak is broader in the “500-1h” specimen tharhadpecimens
annealed at 700 °C, indicating a coarsening offthgrains as the annealing temperature
increases.

Based on the XRD data, the lattice parameters efatha’ and B phases were
determined by Le Bail analysis. Fig.4.b shows aifitant increase of the a lattice parameter

of thep phase during decomposition: it varies from 3.18tA00 °C to 3.22 A at 700 °C.

3.1.3. TEM analysis
TEM analysis was performed on a “920-WQ” specimamg is reported in Fig.5. The
fine acicular needles of martensite are here clearly visible. TEM analysighe “500-1h”

microstructure, shown in Fig.6, demonstrated thesg@mce of phase in the previously



martensitic areas. Very firee lamellae, which are about 100 to 200 nm thick,sanrgounded
by a dispersion of equally fife (Fig.6.e and Fig.6.f). Severalvariants can be observed, two
of which are shown in Fig.6.c and Fig.6.d. For fh@hase, on the other hand, only one

orientation is observed.

3.2. Mechanical properties
3.2.1. Tensile properties

The tensile curves of as-HIP’ed and heat-treatadspare reported in Fig.7. The
engineering stress-strain curves until fracture doedtrue stress-strain curves until necking
are shown in Fig.7.a and Fig.7.b, respectivelyrémorted in Table 2, the “920-WQ” tensile
specimens exhibit a 100 MPa increase in ultimatesilie strength (UTS) along with an
increase in both uniform strain and reduction addaacompared to as-HIP’ed specimens.
However, this occurs at the expense of the yiglehsthoy 020, Which is lowered by about
100 MPa. A remarkable work-hardening is observedte dual-phasa+a’ microstructure.
Ao, defined as the difference between true Udpand yield strengthoy .0 reaches
353 + 44 MPa in these specimens, whereas it isnty @42 £ 56 MPa in the as-HIP'ed

conditions. This behavior is better reflected img.Fic, which reports the work-hardening

__din(o)

coefficientn;, ., as a function of straigt n;,., = dn)’ using an approach first proposed by

Sachdev [32]. Throughout the entire deformatiorgean;,,.,- remains substantially higher for
the "920-WQ" specimens than for the "as-HIP'ed'tspens, so that Considere’s criterion for
the onset of necking;, ., = € occurs at a substantially higher strain value lier ‘1©920-WQ”
specimens.

The “500-1h” specimens exhibit a considerable aase in yield strength
(0y,020= 1088 £ 9 MPaand, to a lower extent, in UTSy(= 1247 + 1 MPa) compared to the

“920-WQ” specimens dy,0.200 = 825 + 33 MPagn = 1186 + 11 MPa). However, this high



strength comes along with lower uniform elongatmd reduction of area. At 700 °C, for an
annealing time of 5 minutes, this important inceeas yield strength is also observed
(0y,020= 1083 = 5 MPa). However, the UTS does not follbi same trend, as it remains in
the same range as that of the “920-WQ” specimerienger annealing time of 1 h at 700 °C
leads to a further decrease in both yield streagtih UTS and an increase in ductility with a
reduction of area similar to the one obtained &n“ds-HIP’ed” conditions.

As highlighted in Fig.7.c when the annealing tiamel temperature increase, the work
hardening coefficient tends to decrease at lowinstrdn the “500-1h” specimens, a steep
decrease in work hardening is observed until ngckiccurs at a true strain of 4.3 £ 0.3 %.
For the “700-5min” and “700-1h” specimens, the wbdtdening coefficient, although
initially lower than that of the “500-1h” specimemrventually reaches a plateau g4/ 0.05,
so that necking occurs at higher strains. In oflnds, as the annealing temperature and time
increase, the work-hardening behavior approachasahthe as-HIP'ed specimen, although

the stress levels are different.

3.2.2. Nanoindentation

The nanoindentation measurements were performedragular grid on a “920-WQ”
and on a “500-1h” specimen, see Fig.8.a and Figt8gpectively. In the “920-WQ” material,
the nano-hardness distributions within tliemartensite and the-phase are displayed in
Fig.8.b and Fig.8.c, respectively. It turns out ttee o’-martensite is the softer phase with an
average of 4.97 £ 0.3 GPa, while the harder onthesu-phase with an average hardness
reaching 6.28 £ 0.65 GPa. After a 1 h-annealing ste500 °C, thex’4ec phase — i.e. the
partially decomposed martensite — sees its avenaginess greatly increased up to 6.09 +
0.25 GPa (Fig.8.e), whereas thephase exhibits a similar hardness of 6.24 £+ 0.4a G

(Fig.8.f). Note that, for both conditions, the namardness distributions reported in Figure

10



8.b, 8.c, 8.e and 8.f include all data whereasc#ieulation of the average nano-hardness was

done excluding the indents located in the vicioitynterfaces.

3.2.3. In-situ tensile tests and strain partitiogin

In order to get further insights into the mechahibehavior of the multiphase
microstructure, full-field strain measurements gsiDIC were performed from SEM-SE
micrographs acquired at different increments oéistrduring in-situ tensile testing. The
approach previously detailed in Fig.2 allowed thrais within each phase to be quantified.
Two different samples, namely a “920-WQ” and a “800, were tested. It should be
highlighted that the martensite, which is a discardus arrangement of auto-accommodated
o’ needles, is considered here as a monolithic phdsese average tensile behaviour is

compared, at the grain/phase scale, to that afadhénuousx phase.

Typical strain maps of the tensile strain obtained after different plastic strain
increments, for a “920-WQ” specimen and a “500-%pécimen, are shown in Fig.9 and
Fig.10, respectively. The strad;, i.e. the strain along the tensile direction, ansidered.
The data are represented as color maps corresgptalidifferent levels of local strain. In
both conditions, the;; strain maps show that the deformation is highlyetageneous with
some areas being only slightly deformed while cttsge more strongly distorted.

It can be observed that in the-a’ “920-WQ” specimens, the largest deformations are
mostly located in the martensitia’ phase, see Fig.9. At low levels of macroscopic
deformation, Fig.9.b strongly suggests that thestmadeformation initiates in martensitic
areas. This is further reflected by the straindgstm displayed in Fig.9.d sindke strain
distribution functions of thes-phase and the overall strain distribution funcioare

superimposed for the low strain values. Similaallylarge strain, the distribution function of

11



the o’-martensite is superimposed on that of the ovesalhin. It means that the most
deformed regions are always located in marten8igethe strain increases, the deformation
spreads to adjacent areas (Fig.9.c) and the distits of the two phases tend to converge
(Fig.9.e), but the martensite remains more deformiemh the a phase. Locally, the
deformation of thex’ martensite can reach 2 to 3 times that of the@)ta phase. When
computing the average deformation of each phase fasction of the overall macroscopic
deformation of the tensile specimen (Fig.11.afam be noticed that, from the initiation of
plastic deformation in the material to high defotima levels, then’ phase remains the softer
phase, being about 30 % more deformed than thehanhase.

Interestingly, in the “500-1h” specimens (Fig.180)e strain partitioning is inverted,
i.e. after an annealing step at 500 °C, th@hase becomes the softer phase whereas the
former martensitic regions can now be considerethaarder phase. In Fig.10.c, the local
deformation of thea phase is almost systematically higher than thathefadjacentt’ yec
phase. This is better illustrated by Fig.10.d and.1®.e. The fact that macroscopic
deformation is more accommodated by thephase, both at low and high levels of
deformations, is clearly highlighted by considerthg average deformation per phase, see
Fig.11.b. On average, it is now thephase that is about 30 % more deformed thamthg
phase.

It should also be highlighted that, in both specimeéhe highest levels of deformation
are observed at the interfaces between the twoephasd, more particularly, when the soft

phase is confined between two lamellae of the hgdase.

4. Discussion
The following discussion will investigate qualitagly the effect of key

microstructural features on tensile properties, @stcribe more quantitatively, with a simple

12



model, the tensile behavior of each phase andei@ting macroscopic properties. The first
part of the discussion will focus on investigatithg effect of martensite decomposition on
yield strength, whereas the second part will atteim@xplain the origin of the unusual work-
hardening behavior observedana’ Ti-6Al-4V.

4.1. Understanding the relationship between mictmdtire and strength in dual-phase «’
Ti-6Al-4V and the effect of further annealing

In comparison with the HIP’ed+p material, the dual-phaseta’ microstructure
exhibits a very low vyield strength. The in-situ d8@ tests performed on a “920-WQ”
specimen clearly demonstrate that plastic defoonainitiates in the martensite, and
progressively spreads to adjacent areas. Thisdggeeous strain partitioning results in a
continuous yielding of the material, starting at/lmacroscopic stress levels. The mechanical
contrast between the relatively saeft and the hardew phase is also confirmed by the
nanoindentation measurements reported in Fig.&lbraRig.8.c.

As further annealing of the+o’ material is performed, martensite decomposition
occurs, which directly impacts the mechanical behawf the material. After a 1 h annealing
at 500 °C, the process of martensite decomposisonlearly incomplete. Indeed, SEM
characterization (Fig.3.c) reveals that an acicaolarostructure, typical ofi’ martensite, is
still observed in the “500-1h” specimen. Besideg, XRD profile of this specimen exhibits a
splitting of the (0002) peak and a broadening ef(ttD-10) peak which were also observed in
theat+a’ “920-WQ” material and can be attributed to theggnce ofi’ martensite. However,
at the same time, @ peak is observed on the XRD profile of the “500-&pecimen, and
TEM analysis (Fig.6) clearly highlights the presermd very finef3 in the martensitic areas.
Although it is possible thgd remnants of the fast cooling from tBephase were already
present in the “920-WQ” specimens, they were in@admall volume fraction to be detected

by XRD. The growth of8 grains in the martensitic areas indicates th&ty dfh at 500 °C, the
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process of martensite decomposition is ongoingh®igh they do not form a continuous
phase from a microscopic point of view, the decosimpa’ lamellae and3 particles are here
referred to as ad’ 4’ monotonic phase. The presence of a dispersiorenf fine3 particles

in thosed’yec areas induces a substantial hardening of thesensegin a process that is
consistent with precipitation hardening. Moreovigom a chemical point of view, alloy
element partitioning occurs during annealing, @fecting the yield strength of each phase.
In the water quencheato’ material, as highlighted by EPMA measurements, ghimarya

is enriched in Al, whereas the phase contains a high V-content. The variatianshie a
lattice parameter of th@ phase generated during decompaosition can be deiatehanges in
the V content of th@ phase. As shown in Fig.4.b, the low lattice par@mef the samples
treated at 500 °C for 1 h indicates that thephase in these specimens contained a high
amount of V, since V has lower atomic radius (0.689 than Ti (0.146 nm) [33]. The
temperature and duration of the treatment dictditesamount off phase that is generated in
the process of martensite decomposition and theoiMteat in thef phase. It can be
hypothesized that the low amountspgbhases generated at the early stages of decoioposit
contain a high amount of V, which decreases agitheains coarsen and the fraction fof
increases. Similarly, Xu et al. observed that fipeéaths exhibit much higher V content than
coarser ones [34]. The process of martensite degsitqn during annealing is thus
diffusion-controlled, with Al progressively segréigg into thea’ martensite lamellae, while
V is being rejected to the smddlgrains surrounding these lamellae. This localifp@ning
taking place within the’ sec areas results in V-enriched precipitates and Aiebed lamellae.
Al being a potent solid solution strengthener [85,3he increase in Al content induces a
local hardening of the lamellae. In-situ tensilstseshow that the’ 4ec phase becomes harder
than thea phase in the “500-1h” material, although theohase was initially harder in the

“920-WQ” material. The combination of bo#folution-strengtheningy local Al-enrichment
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andprecipitation hardeningzan account for the 1 GPa increase in nano-hasdufehied’ yec
phase. It also directly impacts the macroscopisiterproperties of the material, which sees

its yield strength increase by more than 250 MPa.

In specimens treated at a higher temperaturepribeess of martensite decomposition
is more advanced. SEM analysis reveals that theulaci microstructure initially present in
the dual-phase microstructure is no longer obsenftgl annealing at 700 °C, even for a
duration as short as 5 minutes. Besides, no sgjitir broadening of the peaks is visible in
the XRD profiles of these specimens, whereas ang&nof3 peak is present. These
observations suggest that complete decompositiaheoinartensite occurs at 700 °C, even
when short annealing times are considered. A Inealng time at 700 °C results in a further
coarsening of the secondamylamellae and rods resulting from martensite decomposition.
An o+ microstructure with a bimodal grain size distribat is thus obtained. This
microstructure contains about 50 % of primarygrains inherited from the HIP operation.
Thesea grains are relatively coarse (3-4 um) and mosthydllar — although some are nearly
globular. The rest of the microstructure considtdime secondarya lamellae (250 nm)
delineated by thif8 rods, which are transformation products of thetemaite decomposition.
In this a+B microstructure, the small size of the secondatamellae induces grain size
strengthening(significant increase of the number of interfacesyulting in a higher yield
strength than the one obtained in the coarse urahwt]3 microstructure of the as-HIP’ed

material.

This microstructure can be related to “duplex™bmmodal” microstructures, which
are valued for their good balance between streagth ductility and their superior fatigue

strength [32]. In wrought Ti-6A-4V, they are obtathby a multistep process that includes hot
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working and recrystallization in the+p phase field [24]. They consist of a mixture of rsea
equiaxed primary and fine lamellar secondasyresulting from the cooling of tHgphase. It
should be highlighted here that the two-step praiogsroute consisting in a quench from the
a+p phase field followed by a short annealing at 70GHows the material to transition from
a fully lamellar to a more balanced bimodal micnosture without any hot working being
involved. This would be a major industrial asseffier control of this microstructure could
be achieved: the phase fraction and size of thegsia directly depend on the temperature
and duration of the sub-transus treatment [25]peaetvely, whereas the thickness of the
secondary lamellae is related to the temperature and duradiothe annealing treatment

used to achieve martensite decomposition.

4.2. Modeling the work-hardening behavior of muilage microstructures
The 50 %a + 50 %o’ material obtained after a 2 h treatment at 92Gdowed by

water quenching exhibits a remarkable work-hardgnivhich induces a desirable increase in
both ultimate tensile strength and uniform straifalle 2). As reported for other
heterogeneous materials, such as dual-phase ([eEls 487-39] and ferrite-pearlite steels
[40], the origin of this work-hardening can be iatited to the presence of a mechanical
contrast between the two phases. Indeed, whenmdfgrsuch a composite microstructure,
the softest phase is the first to deform plastycallhile the hardest remain elastic. After a
certain amount of deformation, the initial apparembrk-hardening is enhanced when
compared to the work-hardening of the softest phHse difference in behavior between soft
and hard components of the microstructure will @unsthis effect as the soft phases will
deform more than hard phases. A dual-phase mioaiste thus naturally induces an

additional work-hardening when compared to thevildial constituting phases [41].
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Here, both the nanoindentation measurements (BigaBd Fig.8.c) and the in-situ
tensile tests (Fig.9 and Fig.11.a) show thatathmartensite appears to be softer thandhe
phase. The mechanical constrast betweenartensite and is in this case not as high and in
the reverse order as in DP steels [42], composeaodfoferrite and hard martensite (relatively
high carbon content), but stands a comparison tk#hmechanical contrast observed between
ferrite and pearlite [43].

Annealing of the dual-phase+o’ material has a substantial impact on work-
hardening. Fig.7.c clearly highlights that, in the®ntinuous process of martensite
decomposition, the work-hardening behavior becopregressively closer to that of the as-
HIP’ed a+f typical microstructure. In particular, the fullecbmposed specimens exhibit a
relatively small work-hardening rate at low straing a stabilization or increase of the work-
hardening rate at higher strains. In other worttbpagh the specimens annealed at 700 °C
differ from the as-HIP’ed specimen in terms of gialtrength, they exhibit a very similar
work-hardening behavior.

In order to reach a more quantitative understandifrtge tensile behavior of the dual-
phasea+a’ microstructure, an analytical model based on libbaviour of each phase was
developed. Two distinct microstructures were cogr@d: thea+a’ microstructure obtained
by a 2 h treatment at 920 °C followed by water qivmg, and thex+a’ gec microstructure

resulting from a further 1 h annealing at 500 °C.

The constitutive behavior of each phase was imphtete by considering that
dislocation glide is impeded by two sets of obstachamely forest dislocations and strong
precipitates. Because these obstacles act on sistkles, a linear superposition of their
contributions cannot be applied [44]. Indeed, iis tase, according to Kocks et al. [44], the

obstacle densities can be added so that the faltpsiiperposition law is obtained:
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o= /a§+a§ 1)

whereag, corresponds to the glide resistance caused bycdisbns, andy, to that associated

with precipitates.

g, is a constant, which equals 0 if no precipitatespgesent in the phase.
o, follows the classical Taylor evolution :
Oq= 0+ M a,ub\/ﬁ (2)
whereM is the Taylor factorg is a constanty the shear modulug, the magnitude of the

Burgers vectorp the dislocation density ang the lattice strength [45].
The evolution of the dislocation denspywith strain is given by :

a0 = MkJp ~ kzp) ®3)
where kl\/ﬁ is a storage term due to dislocation-dislocatiannipg andk,p is an
annihilation contribution due to dynamic recove4$]. The values of these terms are reported
in Table 3.

In order to describe the load transfers and defbomaartitioning between the two
phases, different homogenization schemes can bleeapthe simplest ones being the iso-
strain and the iso-stress assumptions. Howevesetlapproaches respectively provide the
upper and lower bounds of the problem rather thanré¢alistic solution. Here, the iso-work
(IsoW) assumption, initially proposed by Bouazizakt[46], was considered. This approach
relies on the assumption that the dissipation efalastic work is equal in each phase:

01.del = ,.del, whereeP stands for the plastic strain

As elastic strains can be neglected, the totainstia each phase were considered in

the calculation, so that:

gq. dgl = 03. dgz
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Sub-scripts 1 and 2 refer to the constituting pbasé the heterogeneous
microstructure. The validity of this iso-work assution has been extensively studied by
Montheillet et al. [47]. These authors have showat tif the stress contrast between
constituting phases is limited and their fractiom® similar, this approach leads to a
macroscopic behavior which is similar to commonf-sehsistent schemes, with an
undeniable calculation efficiency. Beyond its simipy, the main advantage of the iso-work
assumption is also the absence of calibration peatensi The iso-work model has been
successfully applied to heterogeneous steel mitrasires, such as Ferrite-Martensite Dual-

Phase [40] or Ferrite-Pearlite steels [39].

In order to further refine the model, the follogirassumptions, derived from
previously detailed experimental observations vweagle for the “920-WQ” material:
(i) The softa’ martensite has a yield strength lower than 82%aMjike. the yield strength of
the dual-phase material).
(i) Based on the nanoindentation measurementgatidg a hardness of 6.28 £ 0.65 GPa for
thea phase and of 4.97 £ 0.3 GPa for thehase (i.e. a ratio between the two equal t0)1.26
the ratio between the ultimate tensile strengththefa phase and that of the phase was
considered equal to 1.26.
(iif) The difference between the average defornmatioone phase and that in the other, for a
given average macroscopic deformation, can be mddafrom the in-situ measurements
reported in Fig.11. Note that the average macrasatgformation was computed from all the
local strain measurements within the region ofrgge It was considered that the difference
in mean deformation betweetrmartensite and at a mean macroscopic deformation of 0.09

was equal to 0.02 for the “920-WQ” material.

The Young’'s modulus E was chosen as being equal4dGPa in both phases.
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The values fork; and k, for each phase, reported in Table 3, were obtaimed
minimizing the difference between the experimeteakile curve and the modeled one, using

a least squares approach.

Fig.12.a compares the model’s predictions withekgerimental true stress-true strain
curves. The tensile behavior of each phase is @ported. Although the simple model
developed here does not allow the smooth elassiiplaansition to be precisely predicted, a

good agreement with the experimental data is aeldiev

The same model was implemented for the “500-1h"enmdt Apart from the yield
strength of thext’ 4ec phase and the value of (o, = 960 MPa), the other parameters, namely
ki andky, were kept constant. In addition, the following asptions were made:

() The precipitation-hardened and solution-streeged a’4ec phase in the “500-1h”
specimen has a yield strength higher than 1088 Ma the yield strength measured
experimentally for the “500-1h” material).

(i) Based on the nanoindentation measurements;dtidg similar hardness values for the
and o’ gecphases in the “500-1h” material, the ultimate tensirength of ther phase was

considered equal to that of thige: phase.

In order to obtain an adequate fitting of the modéh the experimental results, a
yield strength of 1130 MPa was considered for thecipitation-hardened and solution-
strengthened!’ 4. phase. This high yield strength can be easilyarpt by the diffusion of
V from the decomposing martensite, concomitant &irom of V-rich B precipitates and
corresponding Al enrichment of the decomposing emeite lamellae. The resulting modeling

is reported in Fig.12.b. Again, a good agreemettt thie experimental data is achieved.
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In the “500-1h” material, the lower work-hardeninghea’ 4oc phase can be attributed

to the presence of precipitates. Indeed, if wevéegguation (1), we obtain:

d9 _ _9a__49a (4)

de 2, 2 d&
’od+op

WhereZ—: = 0 is the work-hardening rate.

However, if no precipitates are present, we haye 0 and equation (4) becomes:

do _ dog 94__doa (5)
de de 02452 de
atvp
In other words, the existence of small shearabbxipitates tends to decrease the work-
hardening rate. In addition, the lower mechanicaitiast between the and theo’ gecphases

further decreases the work-hardening of the “500-ifaterial, compared to the+a’

microstructure.

Although based on a simple “iso-work” approach, thedel developed here clearly
demonstrates how the mechanical contrast betweenphases induces work-hardening. It
also highlights the mechanisms leading to a deergaw/ork-hardening when the martensite
decomposes. However, thé and o’ 4 phases should be considered as non-homogeneous
media in order to be able to more properly captire effects and the role of interfaces.
Consequently, from a modeling perspective, futarestigations should include more local
approaches where, for example, a representativeealeof the microstructure is discretized
and the local strain and stress fields can be ctedpand compared to experimental data.
From an experimental perspective, Bauschinger testdd allow to quantitatively determine
the kinematic contribution to work-hardening brougtbout by the mechanical contrast

between the phases.

5. Conclusions
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The high work-hardening behavior observed dfma’ Ti-6Al-4V results from a
difference in yield strength between the softmartensite and the harder phase. This
mechanical contrast was demonstrated by in-sitsileetests coupled with DIC measurements
of strain partitioning between the phases and omefil by nanoindentation measurements.

Annealing the material at 500 °C leads to a mait 1 the mechanical behavior of
the dual-phase material: tlheq.c.phase, strengthened by a dispersion of fngrecipitates,
becomes harder, and plastic deformation is indi&tethea phase. Precipitation hardening of
the o’ 4ec phase also results in a decrease in work-hardefimg is highlighted by the model
developed here. Indeed, although the decomposimgenséte is stronger than tlephase, its
work-hardening rate is considerably lower. At highenealing temperatures, the martensite
fully decomposes to fine secondamylamellae and3 rods. The resulting microstructure
exhibits a low work-hardening, as conventionallyaged ina+3 Ti-6Al-4V.

The thermal treatments investigated in this papablke to generate a large variety of
microstructures. A broad range of mechanical progger strength, ductility, work-hardening
— can be achieved by exploring new processing solkcrostructural engineering through
the development of innovative thermal treatmentsaigicularly interesting when considering
near-net shape titanium parts which cannot undérgber hot working, as is the case for

additively manufactured parts.
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Table 1. Chemica composition of the ARCAM Ti-6Al-4V powder used in the EBM process

Element Al \/ C Fe O N H Ti

wt. % 6% 4% 0,03% 0,10% 0,15% 0,01% 0,003% balance




Table 2. Heat treatment and resulting yield strengfhengineering ultimate tensile strength (URg)
true UTSop, true uniform strairg, 4o = om - oy0.20, and reduction of ared.

0y,0.2% (MPa) R (MPa) on(MPa) Ao (MPa) & (%) A (%)
As-HIP’ed 914 + 20 971 + 22 1056 + 34 142 + 54 8381 3811
920°C — 2h - WQ 825+ 33 1073 £ 7 1186 £ 11 353+44 11+0.3 41 +11
+500°C - 1h 1088 +9 1194 + 4 1247 + 1 159 + & #4033 25+6
+700°C — 5min 1083 +5 1123+10 | 1182+2 98 +7 45+0.1 33+12
+700°C —1h 1012 +6 1047 £1 1113 +8 101+ 14 6.1+0.8 387




Table 3. Description, symbol, magnitude and unit of theeatiint parameters of the model

Parameter Symbol Magnitude Unit
Volume fraction of martensite Vp, 0.5 -
Taylor factor M 5 -
Taylor constant a 1 -
Shear modulus U 44 GPa
Burgers vector magnitude b 2.95E-10 m
Initial dislocation density po3 1.00E+12 rif
Yield strength &) a” 728 MPa
Yield strength ¢) a” 1018 MPa
Yield strength ¢’ ged O™ e 1130 MPa
Op Op 960 MPa
Storage constanti{) ke 3.8E+07 m*
Storage constanti) ke? 4.0E+07 m*
Dynamic recovery constama’j k" 15.0 -
Dynamic recovery constant)  k»? 12.3 -

Young’s modulus EY=E” 114 GPa
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Fig. 1. Schematic showing thgeometry and dimensions of (a) the cylindrical speas used for
“macroscopic” tensile testing and (b) the flat spemns used for “in-situ” tensile testing within t8&M.
The arrow indicates the building direction in additmanufacturing.
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Fig. 10. (a) SEM-SE micrograph of the region of interesttfe “500-1h” specimen. Deformation fields
obtained by DIC during in-situ tensile tests at wifferent levels of tensile macroscopic deformatig) 4.1%
and (c) 6.9%. Note that the tensile macroscopiordadition was estimated by computing the averagénstr
based on the local strains determined over theauteglion of interest. Interphase boundaries areligigted in
black. Distribution function of the normalized strén each phase at (d) 4.1% and (e) 6.9%, in gtleemean
£14/<g1> value for each phase.
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Fig. 11. Average strain per phase as a function of the nsaopic tensile deformation for
(a) the"920-WQ" specimen and (b) “500-1h" specimen.
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Fig. 12. Modeling of the stress-strain curves for the “92@Wnaterial (a), and for the “500-1h" material (b).
The modeling of the dual-phase material from tlividual behaviour of each phase is based on B/ Is

assumption.
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Fig. 2. Experimental procedure to determine the straintgaring from the images acquired during “in-situ”
tensile tests on a “920-WQ” specimen. (a) SEM-SEkgenof the undeformed microstructure in the regibn
interest. (b) SEM-SE image of the deformed micradtire in the region of interest. (c) Phase idaratiion to
distinguish subsets within thephase (dark blue) from those located withindhmartensite (light blue),
interphase boundaries are highlighted in blackE§dmple of a strain map obtained from DIC measergm
representing the deformation along the tensilectig, &;;.
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Fig. 3. SEM micrographs of as-HIP'ed and heat-treated spats (BSE contrast after etching):
(a) as-HIP'ed o lamellae and rods;
(b) HIP + 920°C, 2 h, water quenchedlamellae and fine needles @fmartensite;
(c) HIP + 920°C, 2 h, water quenched + 500°C, itca@oled :o lamellae and fine needles of partially
decomposed’ 4 (d) HIP + 920°C, 2 h, water quenched + 700°C,rbrair cooled o lamellae and fine+f;
(e) HIP + 920°C, 2 h, water quenched + 700°C, tgaoled :o lamellae and fine+p.
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Fig. 4. (a) XRD profiles of the heat-treated specimens.
The arrows highlight splitting or broadening of (0802), and (01-12) peaks.
(b) Lattice parameters deduced from the XRD measents. The c/a ratio of the decomposinghase and the
lattice parameter of th& phase are reported for the “500-1h”, “700-5minti 4A00-1h" specimens.
The dotted blue lines give the c/a ratio of éhenda’ phases in the “920-WQ” specimen.



Fig. 5. TEM micrographs of a “920-WQ” specimen.



Fig. 6. TEM analysis of a “500-1h" specimen.
Bright field (a), diffraction pattern (b), and d&i&ld images of each variant (c, d) and of th@g phase (e, f).



Engineering stress (MPa) True stress (MPa)

1200 - . 1200 ] .
1000 1 ,_—_,.—‘—.—.,—.d*._-.‘\\ 1 1000 A g
800 - E 800 7 .
600 ] © 920°C-2h-WQ i 500 i
] 920°C - 2h - WQ + 500°C - 1h 3
400 - 920°C - 2h - WQ + 700°C - 5min| 400 ] .
3 — —920°C- 2h - WQ + 700°C - 1h :
200 4 —As-HIP'ed 200 4 1
st o+
0 5 10 15 20 25 0 5 10
a Engineering strain (%) b True strain (%)
Nincr
0.4 T8
: g‘; © As-HIP'ed
0351 o3 4920°C-2h-WQ |
03 ] %8 920°C - 2h - WQ + 500°C - 1h ]
’ 8% +920°C- 2h - WQ + 700°C - 1h
0.25 4 on @ 920°C-2h-WQ+700°C - Smin | |
ot
Oa
02 1 4 %‘
| «
015 { o }h
OA
0.1 4 (::A MMAAAAAAAAAAA““AAAAAAAAAAAAAA_‘:}‘;L/‘
oA o e =€
o4 0000200 ?/0,‘?_;‘?»—~ srerion Niner
0.05 4 a9 O‘_cif(:‘iz,:-i—i"”‘égnsidere crite ]
0 r?’;‘::jryrr,vrrv,yrv.'.v...v....v.. L e

0O 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
(o Strain

Fig. 7. (a) Engineering and (b) true stress-strain cuofd®at-treated tensile specimens.
Two or three specimens were tested in each conditi@nsure the reproducibility of the results dnity one
typical stress-strain curve is shown. (c) Work-lesidg coefficient as a function of strain.
Considére’s criterion for the onset of neckinglsalrawn.
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Fig. 8. Nanoindentation measurements
For the “920-WQ” specimen : (a) SEM micrograph shagathe region of interest with 21x21 indent grid,
(b) nano-hardness distribution within thephase (177 indents) and (c) within thgohase (244 indents).
For the “500-1h" specimen : (d) SEM micrograph simgthe region of interest with 21x21 indent grid,
(e) nano-hardness distribution within tlige-phase (163 indents) and (f) within thghase (278 indents)
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Fig. 9. (a) SEM-SE micrograph of the region of interesttfog “920°C-WQ" specimen. Deformation fields

obtained by DIC during in-situ tensile tests at @hfferent levels of tensile macroscopic deformatifo) 3.3%

and (c) 9.4%. Note that the tensile macroscopiordedition was estimated by computing the averagénstr

based on the local strains determined over theevfeglion of interest. Interphase boundaries araligigted in

black. Distribution function of the normalized sirén each phase at (d) 3.3% and (e) 9.4%, in gtleemean
€11/<g11> value for each phase.



