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In situ design of advanced titanium alloy with
concentration modulations by additive manufacturing
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Dong Wang2, Way Kuo1, Yunzhi Wang4*, Chain-Tsuan Liu1*

Additive manufacturing is a revolutionary technology that offers a different pathway for material
processing and design. However, innovations in either new materials or new processing technologies can
seldom be successful without a synergistic combination. We demonstrate an in situ design approach to make
alloys spatially modulated in concentration by using laser-powder bed fusion. We show that the partial
homogenization of two dissimilar alloy melts—Ti-6Al-4V and a small amount of 316L stainless steel—allows us
to produce micrometer-scale concentration modulations of the elements that are contained in 316L in the
Ti-6Al-4V matrix. The corresponding phase stability modulation creates a fine scale–modulated b + a′
dual-phasemicrostructure that exhibits a progressive transformation-induced plasticity effect, which leads to a
high tensile strength of ~1.3 gigapascals with a uniform elongation of ~9% and an excellent work-hardening
capacity of >300 megapascals. This approach creates a pathway for concentration-modulated heterogeneous
alloy design for structural and functional applications.

A
dditivemanufacturing (AM), also referred
to as three-dimensional (3D) printing,
integrates multiple metallurgical pro-
cesses into one in which the making,
shaping, and treating of alloys take place

all at once in a single process (1–8). However,
AM has largely been regarded as a forming
technology that produces material compo-
nents near net shape, without taking full ad-
vantage of the capabilities offered by AM for
simultaneous and synergistic advancements
of both alloy and process together (2, 9–12).
By building a component flexibly point by
point and layer by layer, AM provides the
opportunity to create heterogeneous alloys
with location-specific compositions andmicro-
structures (8, 13–15). During the laser-powder
bed fusion (L-PBF), because of the short life-
time and fast cooling of the melt pool, even
finer-scale (such as micrometer-scale) con-
centration modulations (microCMs hereafter)
can be achieved through partial homogeniza-
tion within each melt pool by using a pre-
mixed mixture of different alloy or elemental
powders (13, 14). Such microCMs have been
shown to have the potential to offer various
alloy-specific benefits, such as a gradient pre-
cipitatemicrostructure in b-Ti (16); martensite-
austenite heterostructures in steels (17, 18); and
controlled strain release, linear superelastic-

ity, and ultralow elasticmodulus in ferroelastic
materials (19, 20).
We have demonstrated how to design such

a microCM Ti alloy through L-PBF by using a
mixture of two commercial alloy powders:
Ti-6Al-4V (Ti64) and 316L (67.5Fe-18Cr-12Ni-
2.5Mo, both in wt %). The choice of these
two alloys is based on the following considera-
tions. Ti64 bymeans of AM has long suffered
from the problem of both large detrimental
columnar grains and poor work-hardening
capacity (21–24). The elements in 316L (Fe, Cr,
Ni, and Mo; we refer to these as 316L ele-
ments) are effective grain refiners (25, 26)
and also effective b stabilizers in Ti alloys. In
addition, high-quality powders of both alloys
are commercially available for L-PBF (27). With
an appropriate choice of the amount of 316L to
be added and theL-PBFprocessingparameters,
microCMs of these elements in the Ti64matrix
are created, and the corresponding phase sta-
bility modulation that is associated with the
concentrationmodulation results in a fine-scale
modulated b + a′ dual-phase microstructure
in the as-printed alloy. This type of microCM
Ti alloy exhibits a high yield strength and a
progressive transformation-induced plastic-
ity (TRIP) effect in a broad range of external
loads during deformation (19, 20, 28), which
leads to a prolonged uniform elongation and
enhanced work-hardening effect.
The typical microCM architecture in the as-

printed Ti64-(4.5%)316L (wt %) alloy is shown
in Fig. 1, A to C. For example, our scanning
electronmicroscopy–energy-dispersive spec-
troscopy (SEM-EDS) images (Fig. 1A) show
obvious depletion of Ti, Al, and V (Ti64 ele-
ments) and enrichment of Fe, Cr, and Ni (316L
elements) in one of the swirls within the melt
pool. Higher-magnification transmission elec-
tron microscopy–EDS (TEM-EDS) line scan
results (Fig. 1, B and C) illustrate clearer in-

tragranular concentration gradients alongside
the a′-b interphase interface region. The a′
martensitic phase regions have a much lower
content of the 316L elements (the b stabilizers)
as compared with that of the b phase regions.
At the center of one of the a′ and one of the b
phase regions, the precise compositions we
measured with 3D atom probe tomography
(3D-APT) (table S1) are Ti-6.0Al-4.1V-0.9Fe-
0.3Cr-0.1Ni-0.01Mo and Ti-5.8Al-3.9V-6.4Fe-
1.7Cr-1.6Ni-0.3Mo, respectively [which can also
be simplified as Ti64-(1.3%)316L and Ti64-
(9.9%)316L]. Therefore, the microCM alloy
has location-specific compositions through-
out the build.
The microCM is produced through partial

homogenization of the two alloy melt swirls
in themelt pool during L-PBF (13, 14), in which
both physical mixing by means of fluid flow
withMarangoni motion and chemical mixing
bymeans of atomic diffusion occur between the
two alloy melts within the melt pool (29, 30).
Although the physical mixing tends to homog-
enize the melt at the melt-pool scale (creat-
ing swirls of the two alloy melts), a complete
homogenization (for example, complete disso-
lution of the 316L elements into Ti64) requires
sufficient chemicalmixing—sufficient interdif-
fusion between the adjacent 316L element–rich
and Ti64 element–rich swirls in the melt pool.
Because of the small melt-pool size and rapid
solidification associatedwith L-PBF (31, 32), a
partially homogenized state is preserved after
solidification. The measured 316L concentra-
tion variation in the microCM Ti64-(4.5%)
316L alloy by means of APT, TEM-EDS, and
SEM-EDS ranges from ~1.3 to ~9.9 wt % (Dc ≈
8.6 wt %) (table S1). This sort of concentration
nonuniformity has been both reported and
considered undesirable for AM (13, 14, 33, 34).
However, we actively used this character-
istic of L-PBF to achievemicroCMs in Ti alloys
that lead to a modulated dual-phase (a′ +
metastable b) microstructure with excellent
mechanical properties.
One direct impact of the microCM is on

the phase stability and microstructure modu-
lation in the as-printed alloy. From a side-view
cross section of the as-printed Ti64-(4.5%)316L,
by using backscattered electron (BSE) imag-
ing, we observed a lava-like microstructure
that showed clear swirl patterns of the fluid
flow within the melt pools (Fig. 1, D and E).
Within each individual melt-pool region, we
found two distinct microstructural features
within the dark (316L element–poor) and
bright (316L element–rich) swirls. The dark
swirls consist of fine acicular a′ martensite
(yellow arrows) with a typical lath thickness
of ~100 nm, along with some ultrafine twin
structures (~20 nm of twin spacing) inside
(Fig. 1, F and G). The bright swirls, however,
consist of a single b phase with a cellular mi-
crostructure at the center (blue arrows). We
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confirmed the highly heterogeneous and fine-
scale modulated b + a′microstructure by using
electron backscatter diffraction (EBSD) results
(Fig. 1, H and I). Instead of the conventional
large columnar grains along the build direc-
tion observed in AM Ti64 (35–37), there are
ultrafine grains throughout the build. In addi-
tion, the as-printed alloy has a high density
(>99.9%) (fig. S1).
The second impact of the microCM is on

the metastability-induced mechanical property
enhancement. Upon solidification, there exist
316L element–rich and 316L element–poor re-
gions that are due to partial homogenization.
Upon further cooling, the 316L element–poor
regions undergo the b-to-a′martensitic trans-
formation, and the 316L element–rich regions
are retained as metastable b phase, which
creates a highly dispersed b + a′ dual-phase
microstructure. Furthermore, the composi-
tion variation within the b phase regions leads
to a phase stability variation (28), which results

in a progressive TRIP effect upon loading and,
thus, an excellent work-hardening capacity and
prolonged uniform elongation. We performed
tensile tests on the as-printed Ti64-(4.5%)316L
microCM alloy (Fig. 2A) and obtained a yield
strength (sg) of 984 ± 14 MPa, an ultimate
tensile strength (sUTS) of 1297 ± 10MPa, and a
uniform elongation (eu) of 8.8 ± 0.2% (Fig. 2A)
with a ductile fracture mode (fig. S6). Com-
pared with all classes of Ti alloys (a, a + b, and
b) that are manufactured by different AM
technologies (such as L-PBF, electron beam–
PBF (E-PBF), and laser-directed energy depo-
sition (L-DED)] (Fig. 2B and fig. S7) (22, 38–47),
the microCM Ti64-(4.5%)316L alloy exhibits
simultaneously a higher sUTS and larger eu,
which breaks the tradeoff between strength
and ductility. In addition, the excellent work-
hardening ability (sUTS − sy = 313 ± 11 MPa)
is advantageous in structural applications to
guarantee a large safety margin before frac-
ture (48).

Most additively manufactured Ti alloys lack
substantial work hardening (1, 47, 49). Ad-
vanced AM-fabricated Ti64 can achieve a UTS
of ~1.2 GPa (43, 49). However, an early onset
of plastic instability is usually observed, which
leads to a premature failure before e reaches
4% (Fig. 2B) (43, 49). In general, the b phase
volume fraction in as-printed or heat-treated
Ti64 ranges from ~0 to 7% (43, 49), whereas
in our microCM Ti64-(4.5%)316L alloy, the b
phase volume fraction reaches as high as 60%
(Fig. 2C). This high-volume fraction is not
surprising because all the four elements (Fe,
Cr, Ni, and Mo) in 316L powders are strong b
stabilizers in Ti alloys. Thus, in the microCM
Ti64-(4.5%)316L alloy, the regions enriched
in these elements remain as b even under the
extremely high cooling rates during L-PBF.
However, alloys with a large volume fraction
of b phase may not necessarily have an en-
hancedwork-hardening ability. For example,
the microCM Ti64-(6.0%)316L alloy consists
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Fig. 1. Micrometer-scale concentration modulation and microstructures of
the as-printed Ti64-(4.5%)316L alloy. (A) SEM-EDS maps showing the
micrometer-scale depletion of Ti, Al, and V and enrichment of Fe, Cr, and Ni
elements within one of the swirls of the melt pool. (B) Scanning TEM image
of the b-a′ interphase region. The yellow arrow denotes the EDS line scan
direction in (C). (C) Composition profiles across the b-a′ interphase boundary
in (B) showing the enrichment of 316L elements (Fe, Cr, Ni, and Mo) in the
b phase and depletion of 316L elements in the a′ phase. (D) Side-view
cross-sectional BSE image showing lava-like microstructure with the
clear swirl pattern from Marangoni convection during mechanical mixing in the
melt pool. Brighter regions are enriched in heavy elements (Fe, Cr, Ni, and
Mo in 316L, blue arrows), and darker regions are enriched in light elements

(Ti, Al, and V in Ti64, yellow arrows). The inset shows a photograph of the
as-printed Ti64-(4.5%)316L tensile specimen and rod. (E) Enlarged BSE image
showing the lava-like heterogeneous microstructure with the coexistence of
acicular a′ martensite (yellow arrows) and ultrafine b grains with solidification
cellular structure (blue arrows). (F) Fine acicular a′ martensite as observed
by TEM bright-field image. (G) Ultrafine twin structure as observed by TEM
bright-field image. (H and I) EBSD images of as-printed Ti64-(4.5%)316L.
(H) Band contrast image of side-view cross section showing the ultrafine grain
structure without columnar grains. The bright regions (blue arrows) consist
of bulk b grains, and the dark regions (yellow arrows) consist of fine acicular
a′ martensite. (I) Inverse pole figure (IPF) map of the top-view cross section
showing grain orientations of b and a′ phases.
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of mainly the b phase (Fig. 2, C to E) after
printing but exhibits little work hardening
during deformation (Fig. 2A). What is different
about the retained b phase in Ti64-(4.5%)316L
microCM alloy is that (i) it is largely metastable
because of the amounts of Fe, Cr, Ni, and Mo
elements present and (ii) it has a continuous
variation in its metastability because of the
continuous variations in Fe, Cr, Ni, and Mo
concentrations (28). Those retained b phase
regions with relatively high concentrations
of these elements show higher mechanical
stability under load and have higher trigger-
ing stresses for the stress-induced b-to-a′
martensitic transformation (SIMT) (28), where-
as those b phase regions with relatively low
concentrations of these elements have lower
triggering stresses for SIMT (28). Thus, upon
loading, the SIMT first starts within the less-
stable b phase regions and then gradually prop-
agates to those more-stable b phase regions as
the applied load increases. This substantially
enhances the work-hardening capacity of the
microCM Ti64-(4.5%)316L alloy. The x-ray dif-

fraction (XRD) patterns (Fig. 3A) show that,
during deformation, the peak intensities of
(110)b at 39.4° and (200)b at 57.5° decrease
continuously. The calculated b phase fraction
decreases from 58 to 25% after deformation,
reflecting a continuous deformation-induced
phase transformation from the metastable b
phase to the a′martensitic phase, which is also
confirmed by the EBSD phase maps (Fig. 3, B
and C). The stress-induced martensite is con-
fined within the prior-b grains (Fig. 3D and
fig. S8). By contrast, even thoughmicroCMs of
the b stabilizers also exist in Ti64-(6.0%)316L,
most of the b phase in this alloy is too stable
(because of the high Fe, Cr, Ni, and Mo con-
tents) to transform to the martensite during
deformation (fig. S9), and thus, we did not ob-
serve a noticeable TRIP effect. A comparison of
the incremental work-hardening behavior of
the two alloys as a function of strain is shown
in Fig. 3, E and F. After being strained at >2%,
the Ti64-(6.0%)316L alloy exhibits a quick
drop of the work-hardening rate to <600MPa,
with a small work-hardening exponent. On

the contrary, the Ti64-(4.5%)316L alloy ex-
hibits a much higher and gradually decreased
work-hardening rate and a much higher and
steady work-hardening exponent over a much
larger strain range, which reflects a steady
and continuous SIMT during the deforma-
tion (Fig. 3A).
The high strength of the as-printedmicroCM

Ti64-(4.5%)316L alloy also originates from the
fine and highly dispersed mixture of the a′
andmetastable b dual-phase microstructure.
As they accompany the modulated concen-
tration, the super-refined a′martensite regions
or swirls are dispersed in between the b phase
regions or swirls and show an average swirl
spacing of ~5 mm between adjacent swirls,
which provides a high yield strength to the
alloy. When the amount of the 316L powders
added is low, the as-printed Ti64-(2.0%)316L
alloy comprises mainly super-refined a′mar-
tensite (Fig. 2, C, H, and I) because of the low
contents of the b stabilizers on average. The
high fraction of the super-refined a′ mar-
tensite microstructure makes the alloy strong
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Fig. 2. Microstructure and mechanical properties of the as-printed
microCM Ti64-x316L alloy. (A) Engineering stress-strain curves of as-printed
Ti64-(6.0%)316L, Ti64-(4.5%)316L, and Ti64-(2.0%)316L alloys, respectively.
The UTS is marked by big open symbols in the curves. (B) Engineering tensile
strength versus uniform elongation of the as-printed Ti64-x316L alloy as

compared with Ti64 alloy produced by different AM methods and conventional
technologies (22, 38–47). (C to I) Influence of microCMs on microstructure
of Ti64-x316L alloys. (C) XRD profiles of phase constitution of three alloys.
a.u., arbitrary units. [(D) to (I)] EBSD phase images and IPF maps of three different
as-printed alloys showing phase constituents and grain orientations.

RESEARCH | REPORT
D

ow
nloaded from

 https://w
w

w
.science.org at O

hio State U
niversity on O

ctober 21, 2021



but brittle (Fig. 2A), having a yield strength
of >1400 MPa but fracturing even before
yielding for most samples. In view of this, the
control of the mean of the microCM by con-
trolling the amount of the 316L powders added
is critically important for achieving the above-
mentioned dual-phasemicrostructure for a bal-
anced strength and ductility.
The third important impact of the microCM

is on the grain refinement. As has been verified
by the EBSD images (for example, Fig. 1H),
we measured the average grain size of the
as-printed Ti64-(4.5%)316L alloy as ~16 ± 6 mm,
which is one of the finest grain structures
achieved in an AM Ti alloy (Fig. 4A) (35–37).
The grain size of the as-printed alloy is influ-
enced to a large degree by its increased consti-
tutional supercooling capacity, which is usually
measured by the growth restriction factor
Q-value (25). A high Q-value indicates a high
constitutional supercooling, which activates
more nuclei and restricts the growth of exist-
ing grains (25, 26, 35), which leads to a finer
grain structure (7, 50). On the basis of our
Thermo-Calc calculations (Fig. 4B and fig. S10)
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and combined with the measured local compo-
sition (Fig. 4C), the microCM Ti64-(4.5%)316L
alloy is readily seen to have an average growth-
restriction factor Q-value of ~40 K (Fig. 4D),
which is about five times as much as that of
Ti64 (Q ≈ 8 K). Because of the local varia-
tions of the 316L elements in the microCM
alloy (Fig. 4C), a corresponding spatial var-
iation of the Q-value (Fig. 4D) exists from
~24 K in the 316L element–poor regions to
~65 K in the 316L element–rich regions. The
316L element–rich b phase regions (higher
Q-values) tend to have smaller grains as
compared with those of the 316L element–
poor a′ phase regions (smaller Q-values)
(Fig. 1H).
Wehavedemonstrated amethodofmicroCM

alloy design that is enabled by L-PBFwith fine-
scale concentration modulations for achiev-
ing adaptive microstructures with excellent
mechanical properties. The microCM Ti64-
(4.5%)316L alloy that is made through partial
homogenization has a fine and highly dis-
persedmixture of a′+metastable b dual-phase
microstructure with fine grains (~16 mm) in its
as-printed state.With the super-refineda′phase
regions offering the alloy a high yield strength
and the continuous variations in Fe, Cr, Ni, and
Mo concentrations in the retained metastable
b phase regions offering the alloy a progres-
sive TRIP effect in a broad stress range, the
microCM Ti64-(4.5%)316L alloy exhibits a high
tensile strength of ~1.3 GPa, a uniform elonga-
tion of ~9%, and an excellent work-hardening
capacity of >300 MPa in its as-printed state.
These excellent properties may enable many
advanced applications of themicroCMTi alloys
in the aerospace, automotive, chemical, and
medical industries. We expect the microCMs
to produce different types of spatially modu-
lated phase stabilities and microstructures in
different alloy systems (16, 17, 19, 20), which
will offer some distinctive properties that
are superior to those of their homogeneous
counterparts.
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In situ design of advanced titanium alloy with concentration modulations by
additive manufacturing
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WangChain-Tsuan Liu

Science, 374 (6566),

Fine-scale strengthening swirls
Creatively combining different alloys using additive manufacturing methods has the potential to produce materials
with interesting properties. Zhang et al. use laser powder bed fusion to combine small amounts of 316L stainless steel
into Ti64 titanium alloy. This process creates an alloy with a distinctive microstructure that retains high strength while
substantially improving ductility. The design strategy should be useful for improving mechanical properties in other
alloy system as well. —BG
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