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Abstract

Post-build heat treatment is an important component in optimized manufacturing processing for laser
beam powder bed fusion (PBF-LB) Ti-6Al-4V. The development of predictive modelling, based on
the understanding of the relationships between process parameters, microstructure evolution and
mechanical properties, is a potentially key ingredient in this optimization process. In this paper, a
process-structure-property (PSP) model is developed to predict the effect of post-build heat treatment
on yield strength, which is a key tensile property for PBF-LB Ti-6Al-4V. The process-structure part
is developed with a focus on the prediction of solid-state phase transformation, especially dissolution
of martensite during the heating phase. Subsequent tensile properties are quantified by a
microstructure-sensitive yield strength model based on the predicted microstructure variables. The
integrated PSP model is validated by via experimentally measured phase fraction, o lath width and
monotonic tensile tests on PBF-LB Ti-6Al-4V with different heat-treatment temperatures, for

identification of optimal process parameters.
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1. Introduction

In recent years, laser beam powder bed fusion (PBF-LB) has become one of the most widely
used methods in additive manufacturing (AM), and has been adopted to manufacture numerous
strategically-important products with complex geometries. Typical materials include stainless steel,
titanium and aluminum . PBF-LB Ti-6Al-4V is one of the most strategically important due to its
wide usage in critical industry applications, including biomedical and aerospace. Conventional Ti-
6Al-4V has two main crystal structures: hexagonal close-packed structure (HCP) a-phase and body-
centered cubic (BCC) B-phase. In contrast with conventional Ti-6Al-4V, PBF-LB Ti-6Al-4V has a
predominantly martensitic microstructure (a'-phase, >95% 2, also HCP), attributed to the rapid
cooling process after heating in PBF-LB, which is stronger but more brittle than typical a-phase 3.
Due to the characteristics of martensite, as-built PBF-LB Ti-6Al-4V shows enhanced strength but
significantly poorer ductility (elongation normally < 10% 4). Thus, post-heat treatment for
optimization of strength-ductility properties of Ti-6Al-4V is necessary.

It has been reported that a, B and o’ phase fractions can be controlled by solid-state phase
transformation (SSPT) during different heat treatment processes °. Moreover, since different phases
dominate different mechanical properties, e.g. acicular o’ martensite usually exhibits high strength
and low ductility, B-phase gives the opposite and a-phase is in between %, the mechanical properties
of PBF-LB Ti-6Al-4V can potentially be tailored by tuning the post-heat treatment process. Vrancken
et al. 2 found that heat treatment below the B transus temperature can transform o’ martensite into
lamellar a+f structure with retained columnar features of prior B. Higher heat treatment temperature
also results in coarsening of a-phase and higher volume fraction of p-phase. In addition, columnar-
to-equiaxed transition of prior 3 grains occurs when the temperature is above B transus. The effect of
different cooling rates on the microstructure of Ti-6Al-4V has been extensively studied %, When
the cooling rate is lower than 20 °C/s, diffusion-controlled B to o phase transformation occurs with
clear prior B grain boundary. Most of the a phase nucleates non-uniformly at the prior B grain
boundary and grows into the grain interior. For intermediate cooling rates, e.g. 20 to 410 °C/s,
diffusion-less phase transformation (i.e. martensitic transformation, B to a’) is accompanied by the

diffusion-controlled process. Martensitic transformation dominates the SSPT process when the
2
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cooling rate is higher than 410 °C/s, in which case a hexagonal microstructure of acicular o’ martensite
forms from the lattice shear of 3 phase accompanied with the broken and annihilation of prior 3 grain
boundary.

Different phase composition due to different heat treatment processes have a significant effect
on the tensile properties of treated samples. Vranchen et al. 3 showed that the ductility of heat-treated
PBF-LB Ti-6Al-4V specimens increased to 12.8% after post-build heat treatment at 850°C for 2 h
followed by furnace cooling, which represents an increase of 74% relative to the as-built specimens.
Zhang et al. *® annealed PBF-LB Ti-6Al-4V at different temperatures from 600 °C to 900 °C for 2 h.
Corresponding results show that ductility to the level of the forged Ti-6Al-4V can be obtained at the
cost of reduced strength for the samples treated at temperatures larger than 850 °C. In addition,
superior tensile properties of heat-treated PBF-LB Ti-6Al-4V compared to conventional Ti-6Al-4V
can be achieved. Charlotte et al. " simultaneously improved strength and ductility of PBF-LB Ti-
6Al-4V specimens by generating an o+o’ dual-phase microstructure with significant work hardening
behavior through post heat-treatment between 850 and 920 °C. For example, the specimens heat
treated at 920 °C, containing 51% of martensite, show 13% increment on both ultimate tensile
strength and uniform engineering strain comparing to those of a wrought Ti-6Al-4V. Thus, the tensile
properties of treated PBF-LB Ti-6Al-4V can be tailored by controlling the a/a’ phase ratio. Although
o’ martensite can be fully transformed to Widmanstatten o (a,,) by a specific post-build heat treatment
process to obtain better ductility, the material strength is concomitantly also significantly reduced.
Retained o’ martensite can still contribute to the relatively high strength while the transformed «,
improves the poor ductility of as-built PBF-LB Ti-6Al-4V. It has been reported that the combined
optimal strength-ductility properties can be achieved by generated a lamellar o+f structure via
annealing treatment of PBF-LB Ti-6Al-4V 18,

Although the post-build heat treatment of PBF-LB Ti-6Al-4V has been extensively studied, most
studies use a trial-and-error approach to optimize heat-treatment parameters. The development of an
integrated process-structure-property (PSP) model has the potential to make this optimization process
more efficient and objective. In general, PSP model development can be divided into process-
structure model development and structure-property model development. The process-structure

model aims to obtain microstructure variables which have deterministic effects on the tensile
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properties, such as phase fractions and grain size. Full-field microstructural models, e.g. phase field
and cellular automaton (CA) methods, can provide detailed phase information such as phase fraction
evolution, spatial distribution and phase morphology. For example, Sahoo et al. *° successfully
simulated the columnar structure of PBF-LB Ti-6Al-4V which consists of prior B boundary and o
grains using phase field simulation. In terms of CA methods, Zinovieva et al. % reproduced the
experimental grain structures of PBF-LB Ti-6Al-4V considering multi-track and layer-by-layer
processes. De Baere et al. 2 studied the SSPT evolution of PBF-LB Ti-6Al-4V during the post-heat
treatment above the B transus temperature and the predictions were also validated by experimental
observations. However, such simulations have very high associated computational expense,
particularly given the small scale of material typically modelled. Mean-field models, for example the
classical Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, have been adopted to predict the phase
fractions with acceptable accuracy. In our recent work, a modified incremental form of the IMAK
model is proposed to predict phase evolution during the non-isothermal processes associated with
PBF-LB 2. In addition, o lath width as a key microstructure variable is also predicted, with the aim
to establish the linkage between strength and microstructural features 23. Structure-property models
are usually developed to capture the microstructure-sensitivity of PBF-LB material 2*2°, Specifically,
full-field crystal plasticity (CP) model, e.g. crystal plasticity finite element (CPFE) 22 and crystal
plasticity fast Fourier transform (CPFFT) 23! models, are widely used to predict mechanical
properties based on inherited microstructure, e.g. from the PBF-LB process. However, the visible
intra- and inter-granular mechanical fields from full-field CP also results in very high computational
overhead and again, for a typically small-scale representative volume element (RVE) of simulated
material. Classical Taylor-type modelling, although based on the iso-strain assumption and neglecting
intergranular interactions, can provide efficient predictions, and have been enhanced with physically-
based strengthening mechanisms, for microstructure effects, via incorporation of dislocation density
evolution 3234,

In this paper, the process-structure model ?? and structure-property model 2* from our previous
work are integrated together in MATLAB, enabling implementation of an integrated PSP predictive
capability, with extension to optimize the post-build heat treatment process. Specifically, as the

thermal history of the heat treatment process is different from the PBF-LB process itself, in particular
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with respect to a significantly lower cooling rate, corresponding cooling rate effects are captured in
the present work to improve the prediction accuracy. Based on the predicted phase fractions,
corresponding grain sizes for different phases are calculated. Thus, the microstructure-sensitive yield
strength model proposed in our previous work 2* can be used to quantify the effects from different
post-build heat treatment processes. The validity of the proposed PSP model is verified by

metallographic observation and monotonic tensile testing.
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2. Experimental methodology

In this study, aerosol-produced Ti-6Al-4V powder was used for PBF-LB processing, with the
chemical composition listed in Table 1. Most of the powder particles are regular spheres with an
average particle size of 45 um, as shown in Figure 1. The PBF-LB process was carried out in an argon
atmosphere using SLM®280 HL provided by SLM Solutions Group AG. The commercial standard
process parameters (Table 2) were adopted with a preheating temperature of the substrate set at 200 °C.
The laser scanning strategy is shown in Figure 2. A 15° rotation of the scanning direction between
successive layers was used. Both the process parameters and the scanning strategy are optimized
parameters from SLM Solutions. In total, 25 cuboid specimens with length x width x height equal to
95 mm x 13 mm x 14 mm were manufactured. Since heat-treatment temperature has significant
effects on microstructure and mechanical properties 3 ¢, a wide range of holding temperatures is
selected based on the schematic diagram of SSPT mechanisms (Figure 3) of PBF-LB Ti-6Al-4V.
When the holding temperature is lower than the martensite dissolution temperature (Mp = 400 °C ),
o’ martensite is retained with no SSPT. The o’ martensite partially dissolves to a and B when the
holding temperature is between Mp and martensite start temperature (Ms = 575 °C ). Corresponding
phase fractions are controlled by the equilibrium phase fraction, which is determined by the holding
temperature. When the holding temperature is higher than Ms but lower than the  transus temperature
(Tp =994 °C 1), the residual o’ fully transforms into a and p. Subsequent o to p transformation occurs
simultaneously based on the specific ratios between equilibrium o and  phases. Full B phase is
assumed once the holding temperature is between the range of Tg and liquidus temperature (T =
1655 °C 3#). During the slow cooling process, for example, subsequent furnace cooling in this heat-
treatment study, B to a transformation can be observed until an equilibrium state is achieved. As such,
it is clear that different holding temperatures, relative to phase transition temperatures, will result in
different phase compositions. In order to obtain representative microstructures of PBF-LB Ti-6Al-4V
after heat-treatment, corresponding holding temperatures are defined between 500 and 900 °C (i.e.
500, 600, 700, 750, 800, 850, 900 °C). The as-printed cuboid specimens are removed from the
substrate and then heat-treated in a TL2012 type muffle furnace based on the schematic shown in
Figure 4. The heating rate is set as 5 °C/min with a dwell time of 2 hours at the holding temperature.

The cooling rate for furnace cooling is approximately 1 °C/s.

6
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Table 1. Chemical composition of the Ti-6Al-4V powder in wt.%. The balance is Ti.

Al \Y Fe C O N H Mo Cu Ti

6.07 3.98 0.14 0.007 0.13 0.007 0.02 005 0.05 Bal

'HHHH N
20 35

50 65
Powder size (um)

Figure 1. (a) Morphology of Ti-6Al-4V powder particles and (b) powder size distribution.

Table 2. Commercial standard process parameters of SLM®280 HL.

Laser power Scanning speed Layer thickness Hatching spacing
(W) (mmfs) (nm) (mm)
275 1100 30 0.12

Ar atmosphere

N-+1 laye
30 pm

N laver

a=%3mm; b=13mm; ¢=14mm

{1): Tensile specimen
@ Metallographie specimen

Figure 2. Schematic of laser scanning strategy in PBF-LB process and layout of cuboid specimens
(95 mm x 13 mm x 14 mm). Each cuboid is further machined into a tensile test specimen and a
metallographic specimen after the post-build heat treatment process.
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After heat-treatment, as shown in Figure 2, 10 mm x 10 mm x 5 mm metallographic specimens
were cut from the cuboids. The sample surface was polished using 2000# SiC sandpaper and roughly
polished with a water-soluble polishing paste. In order to obtain a bright, scratch-free mirror surface,
a metallographic spray polishing solution with a particle size of 0.5 um was employed. The
metallographic specimens were etched by a specific reagent with HF:HNO3:H20 = 1:3:46 “° for about
18 s and immediately cleaned up. Optical microscopy (OM) and scanning electron microscopy (SEM)
were used for microscopic observation and corresponding phase compositions were measured and
calculated using the MIPAR software *> %2, In addition to the metallographic specimens, tensile
specimens were also machined from the cuboid sample with a gauge length of 25 mm following
ASTM E8/E8M-21 standard, as shown in Figure 5. Monotonic tensile tests were conducted at a strain
rate of 1.0x107%/s, using a SINOTEST EQUIPMENT RPL-100 machine equipped with a 100 kN load

cell.

mi12 |

Figure 5. Geometry and dimensions of monotonic tensile test specimen.
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3. Modelling framework

In this work, the integrated PSP model is developed by adapting and sequentially coupling our
process-structure model 22 and our structure-property model 24, with specific modifications relating
to the present heat treatment processes. Eq. (1) shows the classical IMAK model #-* which is usually

used to describe a complete phase evolution from 0 to 100%:
F=1-g k™" (1)

where F is the phase fraction, t®9 is the equilibrium time, k and n are kinetic parameters. In order to
apply the JMAK model for incomplete phase transformation and non-isothermal conditions, an

incremental form with different initial phase fractions can be expressed *’as :
ki (£894A0) ™
F(X,i = [1 —e kl(t[ +At) ] (F(z?)(F(X,i—l + FB,i—l) (2)
where the a phase fraction at time step i (F, ;) is determined by the o and 3 phases at the previous

time step (Fq;—q + Fg;—1) With updated kinetic parameters (k;, n;) and equilibrium time (tfq) at

successive temperatures. The various parameters can be inversely calculated based on published TTT
(temperature-time-transformation) curves 2 and the calculated equilibrium a-phase fraction as a

function of temperature is shown in Figure 6.

10
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Figure 6. Calculated equilibrium a-phase fraction compared with experimental data 8.

Figure 7 shows a flowchart of the relevant SSPT mechanisms during post-build heat treatment
of PBF-LB Ti-6Al-4V. o' martensite, which is the dominant microstructure (>95%) of as-built PBF-
LB Ti-6Al-4V, is a non-equilibrium phase, attributed to the rapid cooling process, and it is stable at
room temperature. During heating and holding periods of the heat treatment, the o' martensite
dissolves to a relatively stable a+f phase. Most of the a-phase is a,, and B-phase nucleates at the
grain boundaries of o’ martensite “°. The dissolution of o’ martensite is a diffusion-controlled phase

transformation process >° which can generally be described by Egs. (3) to (5):

Foi= p;,c}i _ [e—kw,i(tf(?,iﬂt) a'.t] (Fou,i—1 Ry — Fo?:li 3
Focw,i = F(xw,i—l + (Fou,i—l - F(xr,i)(F;,? (4)
Fgi =Fgi—q + (Fouio1 = Faus) (FE?) ©)

where the formed «,, and f is calculated based on the current equilibrium phase fractions. Kinetic
parameters and equilibrium phase fractions for o’ martensite have been obtained from the work of Gil
Mur et al. 3. When the holding temperature is higher than Ms but lower than Tp, a,, further
transforms to p-phase. The growth of B-phase is controlled by diffusion of vanadium and can be

mathematically described as:

11
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Fg; = A(T)Vt (6)
where the diffusion rate A(T) depends on holding temperature and is expressed in the form of

parabolic rate *

T\’
A = a (=) )
Tref
where Tj is current temperature in Kelvin with reference temperature Tref = 1 K. Coefficients a =
2.2x10°% Y2 and b = 9.89 have been previously identified by Kelly et al. *®.
Compared with the PBF-LB process, furnace cooling during post-build heat treatment has a
significantly lower cooling rate (<20°C/s) °, leading to negligible formation of o’ martensite, as

depicted by the continuous cooling transformation (CCT) curve of Figure 8. The diffusion-controlled
phase transformations, i.e. B to agy, (located at prior B grain boundary) and «,, are dominant during

such cooling periods. The use of the previous SSPT model % tends to numerically approach the
equilibrium phase fraction, which is not consistent with experimental observations. Consequently, we
have improved the iteration algorithm by combining the conventional JMAK solutions at two

successive time steps to avoid overestimating phase transformations, as:

FO(gb,i = AFO(gb,i—1+FO( bi—1
—kagyi(ted +at) B
- |1 et ey, ®
[ N (L N Mogp,i-1
—[1=-¢ gb 1(tagb,1—1+ t) ] (F:;? ) (FBL 2)+ tgpic1
Faw,i = AFocw,i—l'i'FocW,i—l
kawl +At
=1~ N IGHICT ©)
_ . eq aw,i—1
e e [ Gy I T A
where the equilibrium transformation time for ag, and a,, is expressed as:
o Unagy; 4
—kq, i-1(te) _i+AL ‘!
t;:bll.z —In 1-(1—e eb 1< gt~ ) ) [Kagp,i (10)

12
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In order to predict the grain size for different phases, grain coarsening kinetics > %2 was adopted

to describe the evolution of a lath width and  grain size, as follows:
Df — D§ = kyexp(— g)t (12)
i 0 0 RT

where c is coarsening exponent, negatively related to grain growth rate, D; is average size of grains
after coarsening, D, is initial average grain size, ko is Kinetic constant, Q is activation energy, taken
as 97 kJ/mol for Ti-6Al-4V °!, R is the gas constant, T is absolute temperature during heat treatment
and t is holding time. For o lath length, to account for constraint by  grain boundaries, a correction

pre-factor is defined as 0.2, i.e. a lath length is approximately one fifth of the B grain size.

13
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Figure 8. Continuous cooling transformation (CCT) curve of titanium alloy °.

Based on these predicted key microstructure variables (i.e. phase fractions and grain sizes), our
physically-based yield strength model is also implemented here to link microstructure to properties.
The model is developed based on two assumptions: (i) assumption of iso-strain for all phases within
the aggregate and (ii) the yield strength consists of a long-range athermal stress o g and a short-

range friction stress oggr. The formulation is expressed as:

O,

v = Z(GLR,L' + osri) F; i=aBora (13)

l
where oy is calculated yield strength and F;i is volume phase fraction obtained from the SSPT model.
opr IS formulated as the sum of grain boundary hardening and forest stress, as:

kyp,i
OLR,i = Onp,i t Ofori = ——= T Ma,u;bi\/poi (14)
VDi

where the Hall-Petch coefficient kyp; = agui/b;, ag is material constant accounts for dislocation-
grain interactions, u; is temperature-dependent Young’s modulus, b; is magnitude of Burgers
vector, D; is equivalent grain size, M is the Taylor factor, a, is material constant related to the

hardening from forest dislocations, p,; is the initial dislocation density varies for different phases.

15
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Specifically, the high dislocation density of o’ is estimated based on martensitic lath structure 2* while
the measured value for conventional Ti-6Al-4V is taken for a and B. ogg is calculated in terms of

Peierls-Nabarro stress and solid solution strengthening contribution, as:
OsR = Z M(Tpy,; + Tss,) Gi(T, €) i=apord -
i

where tpy IS the Peierls-Nabarro stress, formulated as:

2U; -2
PN —lv exp (1 — v) (16)

where v is Poisson's ratio. tgs is calculated considering different element content (x;) and
corresponding strengthening constant (B; ;), as:

2/3

Tssi — Z BSJZZXJ- (17)
J

where B; ; is related to the shear modulus and lattice parameter misfits between phase i and element
j, which can be calculated based on our previous work 2. G;(T,¢) in Eqg. (15) is a normalized

activation energy and formulated as a function of temperature and strain rate (¢), as:
n
fouib®
Gi(T, &) = ——— 18
l( ) (kBTln(éref/é) ( )
where f, is activation energy factor, kg is Boltzmann’s constant, €..¢ is reference strain rate and
n is a material constant related to the shape of energy barriers. Further details of this yield strength

model are given in previous work 2,

4. Results

4.1 Experimental results
4.1.1 Microstructure

OM is used to observe the microstructure of Ti-6Al-4V specimens after the different heat
treatment processes. Figure 9 shows the OM images of samples after 500 °C for 2 h and 600 °C for 2
h heat treatments. Acicular o' martensite is retained after 500 °C-2h heat treatment whereas a slight
decrease of which is observed in the 600°C-2 h sample. For higher heat treatment temperatures, as

shown in Figure 10, using MIPAR software #!, B-phase fractions are measured and calculated as

16
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15.81%, 19.04%, 20.13%, 26.36% and 37.01% for Ti-6Al-4V specimens after holding for 2 hours at
700°C, 750°C, 800°C, 850°C and 900°C, respectively, and accompanied with subsequent furnace
cooling. Only a small variation of p-phase fraction is observed within the specimens heat-treated
between 700 °C to 800°C (Figure 10 (a)-(c)) and the phases mainly consists of o and 3, dissolved from
the sub-stable martensitic a'. When the holding temperature is increased above 850 °C, the B-phase
fraction increases significantly, along with decrease of a-phase. At the same time, coarsening of a
lath is clearly observed with increase of holding temperature. The o lath width changes from
1.27£0.15 pm at 700 °C to 1.45+0.09 pm at 800°C and 2.08+0.13 um at 900°C. For a fixed
temperature increment of 50 °C, the increment of o lath width is 0.08 um between 700 and 750°C
and increases to 0.38 um between 850 and 900°C, highlighting more significant coarsening at
temperatures higher than 850 °C. The measured a lath width, along with other key measured

microstructure variables (i.e. a lath length and (3 grain size) are listed in Table 3.

Figure 9. OM images of PBF-LB Ti-6Al-4V specimens heat-treated for 2 h at (a) 500°C; (b) 600°C.

Table 3. Key measured microstructure variables, including a lath width, length and B grain size.

Heat treatment temperature o lath length o lath width B grain size
(°C) pm pm pm
700 28 1.27 130
750 29 1.35 140
800 29 1.45 145
850 25 1.7 194
900 38 2.08 200
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Figure 10. Metallographic characterization of the fraction of a-phase (green) and p-phase (red)

phases after heat-treatment at (a) 700°C; (b) 750°C; (c) 800°C; (d) 850°C; (e) 900°C; (f) Summary.

4.1.2 Tensile properties
The engineering stress-strain curves of PBF-LB Ti-6Al-4V after different heat treatments are

shown in Figure 11. Obvious necking and strain hardening stages are observed for both as-built and

heat-treated samples. The tensile properties including Young's modulus (E), yield strength (oy),

ultimate tensile strength (oyts) and fracture elongation (&), obtained from the tensile test curves, are
summarized in Table 4. In general, Young's modulus of the specimens is stable with respect to heat-
treatment (holding) temperature with all values higher than 106 GPa, indicating that the porosity

inherited from the manufacturing process is negligible. As per ASTM F2924-14 53 minimum tensile
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315

properties of PBF Ti-6Al-4V after thermal processing are as follows: should with oy, > 825 MPa,

oyts > 895 MPaand 6 > 10%, respectively. The samples of 500 °C for 2 h and 600 °C for 2 h both
have higher strength compared with the standard specification but are not qualified due to low
elongation (<10%). With increasing holding temperature, the ductility of PBF-LB Ti-6Al-4V is
significantly improved at the expense of strength. For example, the fracture elongation of the 900 °C
for 2h sample is almost three times that of the 500 °C for 2h sample, while the yield strength drops
about 30% from 1318 MPa to 949 MPa.
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Figure 11. Effect of post-build heat-treatment (holding) temperature on room temperature

monotonic tensile test response of PBF-LB Ti-6Al-4V after heat-treatment at different temperatures.

Table 4. Tensile properties of PBF-LB Ti-6Al-4V after heat treatment at different temperatures.

Heat-treatment Ultimate tensile Fracture
Young's modulus  Yield strength
temperature strength elongation

(°C) (GPa) (MPa) (MPa) (%)

As-built 111.2 1309 1510 7.56
500 106.7 1318 1504 5.42
600 115.3 1227 1345 9.59
700 111.5 1120 1223 13.21
750 109.8 1093 1220 16.24
800 106.6 1036 1156 16.53
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850 115.7 987 1122 17.72
900 108.9 949 1088 17.77

4.2 Model prediction results
4.2.1 Predicted microstructure

Figure 12 shows the predicted phase fractions in PBF-LB Ti-6Al-4V with respect to different
heat treatment temperatures; corresponding material parameters are listed in Table 5. The -phase
shows a gradual increase from 11.74% for the 500 °C sample to 37.6% for the 900 °C sample. At the
same time, o’ martensite phase fraction decreases quickly with increase of holding temperature and
is fully dissolved in the 700 °C sample. Increasing -phase from 700 °C to 900 °C is attributed to the
subsequent a to B transformation. In addition, different a phase fractions are also shown in Figure 12.

a,, shows an increase from 500 °C to 700 °C due to the dissolution of o’ martensite while the

subsequent decrease is attributed to and contributes to the formation of  phase. ag, phase fraction

can be neglected in all samples up to 800 °C and increases due to higher transformation rate at higher
temperatures. Figure 13 shows the comparison between experimental and predicted o lath width of
Ti-6Al-4V after heat treatment at the different temperatures. Coarsening of o lath width is successfully
predicted in terms of the consistent value of a lath width and the increased trend of coarsening rate

with respect to hold temperature.

Table 5. Material parameters of integrated PSP model for prediction of key microstructure variables
and yield strength.

Symbol Unit Phases Value Source
c - a, B 3 Fitted
D, um a 1 Fitted
B 100 Fitted
ko um=/s o 20 Calculated
B 2x107 Calculated
aG - a, o, B 0.3 54
p - a, o, B 0.5 55
M - a, o, B 3.06 56
E GPa o 107 57
o 113 58
B 105 Calculated
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- a, o, B 0.34 59
U GPa o 39.8 Calculated
o 43.3 Calculated
B 39 60
b nm a, o 0.295 61
B 0.288 60
0 m—2 a, B 4)(1013 62
fo - - 0.42 Fitted
éref S—l _ 107 63
n - - 0.8 Fitted
335
100 1.0
— J——
80 F L] L I=—1"] 108 ~
9 P . <
! <1 B \“’\\ =
= EE (=]
S 60f —/A— B phase 10.6 £
§ —O— o' phase é
aE a0l —[— oy, phase 'y z
S — o, phase e <
i A 2
20 -;:,..0\ | e A 402 =
0 1 T —— D | an | 0.0
500 600 700 750 800 850 900
336 Heat treatment temperature (°C)

337 Figure 12. Predicted different phase fractions (B-phase and breakdown of a: o', a,, and agp,) with

338 respect to the heat treatment temperatures.
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Figure 13. Comparison between experimental and predicted a lath width of Ti-6Al-4V after heat
treatment at different temperatures.

4.2.2 Predicted yield strength

Figure 14 shows the predicted yield strength for PBF-LB Ti-6Al-4V after heat treatment at
different temperatures using the integrated PSP model proposed in Section 3. Specifically, the
predicted microstructure variables in Section 4.2.1 are used as input data for yield strength prediction.
The downward trend of yield strength with respect to increasing heat treatment temperature is
captured by the PSP model. The yield strength is predicted to decrease from 1486 MPa in the as-built
state to 1174 MPa after 500 °C (2h) heat treatment with almost 21% decrease. Predicted variations
among the samples from 700 °C to 800 °C is not significant while a nearly 33% decrease is predicted
for the 900 °C, compared to the as-built state, and this is about 100 MPa lower than that of the 700°C

sample.
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5. Discussion

5.1 Effect of different heat treatment temperatures on microstructure

Decomposition of o' martensite into a+f dual phase structure is the dominant SSPT mechanism
during the post-build heat treatment of PBF-LB Ti-6Al-4V. The experimental results show that high
temperature (>Mp) promotes coarsening of o’ martensite, leading to transformation of o’ martensite
into lamellar a-phase. Combined with the predicted results, it is shown that heat treatment at 700 °C
can completely eliminate o' martensite. Subsequent coarsening of a-phase occurs during the holding
process. When the temperature gets closer to the B transus temperature, p-phase is formed at the o-
phase boundary, attributed to precipitation of vanadium as a eutectic stabilizer.

Since the phase fractions of o’ martensite and -phase at 500 °C and 600 °C cannot be accurately
measured by metallographic observation, the phase fraction of samples heat-treated from 700 °C to
900 °C are selected for verifying the model accuracy. As shown above, the o’ martensite transforms

to a-phase completely after heat treatment above 700 °C. The a-phase fraction, which is the sum of
oy and agp, as predicted by the model is compared with experimental results in Figure 15, showing

that the prediction error is less than 2%.
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X 80
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-5 i\g_
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=
2
S 40}
=
=
20 F
0 ] 1L L [ L
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Heat treatment temperature (°C)

Figure 15. Comparison between experimentally measured and predicted a-phase fractions.
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5.2 Effect of different heat treatment temperatures on tensile properties

Conventional Ti-6Al-4V has a dual phase structure with hard a-phase contributing to strength
and soft B phase for ductility 5. In PBF-LB Ti-6Al-4V, three phases co-exist, namely a, p and o,
during the post-heat treatment process. o’ is the hardest but is extremely brittle due to inherited high
dislocation density from the fast cooling process of PBF-LB. Accompanied with the decomposition
of o' martensite, ductility of PBF-LB Ti-6Al-4V increases significantly at the cost of reduced strength
after heat treatment. In addition, formation of increased p-phase by increasing holding temperature
further improves ductility, consistent with the findings of Kaschel et al. %. Figure 16 shows the
strength contributions from different phases after heat treatment at different temperatures. Compared
with the 500 °C heat-treated sample, heat treatment at 700 °C leads to 26.7% reduction of o’ martensite
and the strength contribution from o' martensite (313 MPa) is lost. At the same time, a-phase
contributes a boost of 174 MPa with 15.5% increase of a-phase. Calculated results clearly show that
o’ martensite offers a more significant strengthening effect than a-phase. Similarly, comparing the
700 °C to 900 °C heat-treated cases, the contribution of a-phase decreases by 245 MPa, with 20%
reduction of phase fraction, while the 20% increase of B-phase only leads to 156 MPa contribution to

yield strength, confirming that -phase is the softest.
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Figure 16. Predicted breakdown of the yield strength contribution from a, B and o’ phases after heat
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treatments at different temperatures.

In order to validate the proposed PSP model, the predicted yield strength for different post-build
heat treatment processes, based on predicted key microstructure variables (i.e. a lath width, length
and P grain size), is compared with experimental monotonic tensile test results, as shown in Figure
17. The predictions for higher holding temperatures are more accurate, especially when o’ martensite
is fully dissolved (i.e. > 700 °C). the presence of the hard o' martensite dominates the strength
contribution of the three-phase system results in significant variation of yield strength prediction even
for minor errors in predicted phase fraction. In addition, as a and o’-phase both have a HCP structure
and share a similar lath-like morphology, it is difficult to accurately distinguish them from either X-
ray powder diffraction (XRD) or microscopy. Thus, the prediction of individual o'-phase cannot be

easily verified; this will be a focus of our future research.
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Figure 17. Comparison between experimental yield strength and predicted results.
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6. Conclusion

In this paper, an integrated process-structure-property model for post-build heat treatment of
PBF-LB Ti-6Al-4V is developed. The yield strength of samples with different heat treatment
processes (e.g. holding temperatures) is successfully predicted via the accurate prediction of key
microstructure variables such as a lath width, length and B grain size. Specific conclusions are as
follows:

e The integrated process-structure-property model is validated against the experimental
observations and published papers with acceptable accuracy.

e Low cooling rate effects of post-build heat treatment are captured in the present work to improve
the prediction accuracy for phase fractions. The phase fraction of o' martensite in the as-built state
gradually reduces with increasing heat treatment temperature and no longer appears during slow
cooling.

e 3 phase fraction is positively related to heat treatment temperature. Due to increased 3 phase
fraction, the ductility of heat-treated PBF-LB Ti-6Al-4V is significantly improved at the cost of
reduced strength. Tensile properties for the cases with heat treatment temperatures higher than 700 °C
are shown to meet ASTM qualifaction standards for PBF-LB Ti-6Al-4V.

e The strength contributions of different phases is demonstrated. The relative strength contributions
of a, B and o’ phases is rationalized by analyzing the strength variation due to phase change.

e The optimal heat treatment temperature, for post-build heat treatment of PBF-LB Ti-6Al-4V, can
be determined inversely using the proposed process-structure-property model. The same approach

could be adapted for other materials and processes.
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