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Abstract: Selective laser melting (SLM) is an attractive technology for fabricating complex metal
parts with reduced number of processing steps compared to traditional manufacturing technologies.
The main challenge in its adoption is the variability in mechanical property produced through
this process. Control and understanding of microstructural features affected by the SLM process
is the key for achieving desirable mechanical properties. Numerous studies have been published
related to microstructure and mechanical properties of SLM printed parts; however, few of those
reported end-to-end process—structure—property relationship. Therefore, the current study aims to
comprehensively present the widespread microstructure information available on SLM processed
Ti6Al4V alloy. Furthermore, its effects on the magnitude and anisotropy of the resultant mechanical
properties, such as the yield strength and elongation, has been established. A Hall-Petch relationship is
established between o lath size and yield strength magnitude for the as-built, heat-treated, transverse,
and longitudinal built samples. The anisotropy in flow stress is established using the « lath size
and prior (3 grain orientation. Percentage elongation was identified to be affected by both « lath size
and powder layer thickness, due to its correlation with the prior  columnar grain size. A linear
relationship was established between percentage elongation and combined size of « lath and powder
layer thickness using the rule of mixtures.

Keywords: selective laser melting (SLM); Ti6 Al4V; structure—property relationship; microstructure;
Hall-Petch relationship

1. Introduction

Additive manufacturing (AM) is a method of fabricating 3D components where materials are
added in a layer-by-layer fashion [1]. It is an advanced manufacturing technology capable of fabricating
complex part geometries with low lead time and material consumption. Metal-melting AM technologies,
their feed systems, and energy sources are described elsewhere [2]. Among these, selective laser
melting (SLM) and electron beam melting (EBM) are widely used methods in order to avail printing of
complex geometries. A big challenge in the adoption of these methods is the variability in mechanical
properties, which can vary from machine to machine as well as with changing process parameters.
There are many process parameters which are responsible for this variability such as the power, velocity
and type of heat source (e.g., electron beam or laser, laser scan strategy, powder layer thickness, hatch
spacing, beam diameter, pre-heating) [3]. These parameters vary considerably with machine type and
most of them are either confidential or locked for a machine type and a material system. As a result,
it can be very challenging to reproduce a part with the same mechanical properties using different
machines. This leads to the motivation behind exploration for a unified approach to correlate process
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parameter variations with resultant mechanical properties of additively manufactured materials, using
a thorough understanding of microstructural features and morphologies. The current study aims
to look into the published microstructure information and combine results in a meaningful form to
demonstrate how microstructure relates to the mechanical properties of a part processed through
SLM. The material system investigated in this article is Ti6Al4V due to its applications in a variety of
industries, such as automotive, aerospace, and medical sectors.

2. Background

Ti6Al4V is an attractive alloy for lightweight structural components due to its excellent
strength-to-weight ratio, corrosion resistance, and bio combability [4]. This alloy contains 6 wt.% of
aluminum and 4 wt.% of vanadium, which are « and (3 stabilizers, respectively. The o stabilizers
(Al, Oy, Ny, C, etc.,) extend the « phase field to higher temperatures, whereas 3 stabilizers (V, Mo,
Ta, etc.,) shift the 3 phase field to lower temperatures. Depending on the starting temperature, cooling
rate, thermomechanical process, and post processing heat treatment, the final microstructures could
be lamellar, martensitic, or equiaxed [4,5]. For example, when heated fully above the 3-transus
temperature of 995 °C followed by a furnace quasi-static cooling, the final microstructure consists of a
lamellar structure of o and 3, as shown in Figure 1a. Depending on the cooling rate, the resulting width
of the lamellae could be coarsened or made finer. Rapid cooling leads to a martensitic transformation
as shown in Figure 1b, which offers high strength-to-weight ratio, caused by high dislocation densities
as a function of the severity of cooling. Equiaxed grains, as shown in Figure 1lc, formed during
recrystallization heat treatment on pre-deformed microstructures, also increase strength. Depending
upon the heat treatment temperature, the size of equiaxed grains could be large or small. Further,
at different combinations of solution heat treatments, the final distribution of microstructure could be
bimodal in some cases, such as a mix of equiaxed and lamellar structures [4,6,7], as shown in Figure 1d.
These microstructures have their specific roles on the mechanical behavior. Based on the literature [4,6],
it could be established that the fine microstructural features, such as the grain size, offers high strength
and ductility; coarse microstructure offers better resistance to creep and fatigue crack growth; equiaxed
microstructure offers good ductility and fatigue strength; and lamellar microstructure offers better
fracture toughness as well as superior resistance to creep and fatigue crack growth.
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Figure 1. Cont.
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Figure 1. Example of (a) lamellar, (b) acicular, (c) equiaxed, and (d) bi-modal microstructure in Ti6Al4V
alloy [4,6].

3. Results and Discussion

7

In SLM processed materials, the as-built microstructure is mainly composed of a very fine «
lath martensite structure due to excessively high rates of cooling. The typical «” lath martensite
micro structure as processed using the SLM method is shown in Figure 2. Table 1 summarizes the
literature review of all the as-built and heat-treated microstructures (i.e., x colony width and prior 3
columnar grain width), processed using different process parameters and corresponding mechanical
property variations. The resolution of fine o’ lath martensite ranged from 0.2 to 0.6 pm. In few
cases, these features could grow up to 2-3 pm during the heat treatment. Presence of acicular «” in
as-built structures imparts a very high amount of dislocation density [8], which is responsible for high
strength compared to conventional processed materials. However, this high strength is compromised
by reduced elongation. Therefore, a post process heat treatment becomes essential. It can be seen from
the literature data presented in Table 1 that after post additive heat treatment (PAHT), a considerable
amount of gain in elongation value is achieved compared to the as-built parts at the cost of yield
strength, which is comparable to that of the wrought products.

S1: 30 pm

Figure 2. Typical « lath martensite micro structure as processed using SLM method: (a) Lower and

(b) higher magnification [9].
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Table 1. List of microstructures (x lath and prior 3 columnar width) and corresponding mechanical property from literature. The mechanical data are included from

the work which reported mechanical property along with their microstructure information.

Process Parameter

Sample Microstructure UTS EL
* 3 P
Reference P(W), V(mm/s), IS-ISS (sp;’mlz,};f(l; (Cp)lm), LHI (J/mm?), Orientation W is Width in (um) YS (MPa) (MPa) %) E (GPa)
P: 200, V: 200, HS: 180, LT: 50 um, LHI: 111, SP: Acicular o, f columnar
(10] bidirectional scan vector with 67° rotated, MTT SLM 250 L grains (W: 109.48) 910 £9.9 1085 + 29 3.3+076 )
P: 160, V: 600, HS: 200, LT: 40, LHI: 33, BD: 220, SP: L 1137 + 20 1206 + 8 76+2 105+5
bidirectional t ith 90° rotated, PH: 500, Acicular «” (W: 0.36
idirectiona ScanTVf;nf;walF ey e T ( ) 962 + 47 1166 + 25 1.7+03 102+7
(1] Heat treated at 950 °C for 1h followed by water L 944 + 8 1036 + 30 85+1 103+ 11
i Acicular o + «+ B (W: 1.7
quenching T B ) T onina 1040 + 4 752 98+3
P: 175, V: 710, HS: 120, LT: 30 pum, Acicular o, B col
[12] LHI: 68.5, SP: bidirectional scan vector with 79° rotation, L clediar o, b columnar 1166 + 6 1321+ 6 20+07 -
MTT SLM250 grains (W: 117.2)
P: 250, V: 1600, HS: 60, LT: 30, LHI: Acicular o, B columnar
86.8, SS: 50, SP: bidirectional scan vector with L L 1110+ 9 1267 +£5 7.28 +1.12 109.2 + 3.1
90° rotation grains (W: 55.5)
o Mixture of « +  (W:1.27 +
7 Heat treated at 850 °C for 2 h, followed by L 0.13, V: 73%), p columnar 955 + 6 1004 £ 6 12.84+136 114736
furnace coolin
& grains (W: 82.17)
o o Lamellar mixture of o + 3
Heat treated at 940h Cﬂf:; }ﬁ};’c i‘gig;"ed by 650 °C for 2 L (W: ~2), p columnar grains 899 + 27 948+27 13594032 1155424
’ (W: 82.17)
P: 157, V: 225, HS: 100, LT: 50, LHI: 139.5, SS: 70, SP:
bidirectional scan vector with 67° rotated, flat sample, L, XY plane Acicular «” (W: 0.57 +0.13, 1075 + 25 1199 + 49 76+0.5 113+ 5
Renishaw AM250 L: 8 + 3), p columnar grains
Flat sample L, XZplane  (W:XY: 9%{.%9,;226:8?9.61, and 978 £ 5 1143 + 6 11.8+05 11546
13 T, ZX plane o 967 + 10 1117 + 3 89+ 04 119+7
[13] P
L, XY plane Mixture of o +  (W: 1.2 + 974 +7 1065 + 21 70+05 112+ 6
3,L:8.7 £24 1
Stress relieved at 730 °C for 2 h, FC at 283.15 K/min L XZplane :r ail?s (v+v' X\){’, glcggug?;ar 958 + 6 1057 + 8 124+07 113+9
T, ZX plane 89.61, and YZ: 76.68) 937 +9 1052 + 11 9.6+09 117 +6
. P:194, V: 1000, HS: 80, LT: 20, LHI: 12125, SP: L Acicular of (W: ~15), B 937.95 1103 n -
,15 bidirectional scan vector with T columnar grains (W: 53.7) 8535 10775 15 N

90° rotation
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Process Parameter

Sample Microstructure UTS EL
* 3 P
Reference P(W), V(mm/s), IS-ISS (Sp;]mll,lf(l; (C ;;m), LHI (J/mm?®), Orientation W is Width in (um) YS (MPa) (MPa) ) E (GPa)
P: 120-200, BD: 200-600 Acicular o 990 + 5 1065 + 10 81+03 -
(16] Heat treatment variant 1: NI L Lamellar o + 835+5 915 + 10 10.6 £ 0.6
Heat treatment variant 2: NI L Lamellar & + f and 870 + 15 990 + 15 11.0£05
Globular «
P: 200, V: 1250, HS: ~100, LT: 40, LHI: 40, SS: 250, SP:
bidirectional scan vector with 90° rotation, Concept T Acicular «” (W: <0.5) 986 1155 10.9 112.4
Laser M2
Heat treated at 700 °C for 1 h, 10 K/min cool T Acicular o’ (W: <1) 1051 1115 11.3 117.4
(171 Heat treated at 900 °C for 2 hours + 700 °C for 1 h, Lamellar « + 3 (W: 2-3,
10 K/min T L: 50-60) 908 988 9.5 118.8
HIP at 900 °C and 100 MPa for 2 h in Ar, gas Lamellar « + 3 (W: 2-3,
atmosphere + 700 °C for 1 h, 10 K/min cool. T L: 50-60) 885 973 19.0 1154
P75, \féif)égfé 15"2&'\/}“%3&[)& 100, T Acicular o (W: 0.37 +0.07) 1008 + 30 1080 + 30 16+2 -
o . Mixture of & + 3
Heat treated at 800 °C for 2 h in Ar;, gas, FC T (W: 057 + 0.06) 962 + 30 1040 + 30 5+2 -
Lamellar « +
(18] HIPed at 920 °C and 1000 bar for 2 h in Ar, gas, FC T (W:2.38 +0.3) and 912 + 30 1005 + 30 83+2 -
Globular « (S: 5.0 + 1.6)
Lamellar o+
Heat treated at 1050 °C for 2 h in vacuum, FC T (W:9.75 + 3.7) and If 798 + 30 945 + 30 11.6 +2 -
globular (S: 13.73 + 5.3)
[19] No information L Acicular o' (W: 0.1 to 0.3) 1330 1400 44 -
P: 5500, V: 10%, LT: 40, LHI: 0.55, . .
[20] PH: 700, EOSINT M270 T Acicular «’ (W: 0.23 to 0.3) ~850 ~940 6.5 -
P: 375, V: 1029, HS: 120, LT: 60, FOD: 2, T;: 1, LHI: 50.62, Lamellar o + B
SP: bidirectional scan vector with 90° rotation, T )y 1022 + 10 1090 + 10 127 £2.1
SLM 250HL (W:0.52 £ 0.22)
[21] 2 . Lamellar o +
T;: 5 and all the parameters remain same T (W:029 +0.13) 1093 + 15 1149 + 11 113 +0.5
T;: 8 and all the parameters remain same T Lamellar o + B 1112+ 3 1165 +2 11.6 1.2

(W:0.25 = 0.10)

50f11

*L: Longitudinal (long length along x or y direction); T: Transverse (long length along build direction); P: Power; V: Velocity; HS: Hatch Spacing; LT: Layer Thickness; LHI: Laser Heat
Intensity; SS: Spot Size; SP: Scan Pattern; PH: Platform Heating; YS: Yield Strength; UTS: Ultimate Tensile Strength; EL: Elongation; E: Modulus of Elasticity; FOD: Focal Offset Distance;
Ti: Inter Layer Time; HIP: Hot Isostatic Pressure; in longitudinal samples, columnar grains are transverse to loading direction; in transverse samples, columnar grains are along the

loading direction.
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3.1. Correlation between As-Built and Heat-Treated Yield Strength and oy Feature Sizes

The presented information in Table 1 clearly indicates that the width of o lath size is mainly
responsible for high yield strengths. Figure 3 illustrates the Hall-Petch relationship between « lath
size and yield strength of as-built and heat-treated samples. Although the inversely proportional
relationship between grain size and flow stress is known from Hall-Petch expression, the constant
of proportionality needs to be determined as a function of processing condition and given material.
Using information from literature as presented in Table 1, such constants have been evaluated for
Ti6Al4V alloy processed through SLM, as shown in Figure 3. The o lath size values presented in Table 1
were either taken as reported in a paper or calculated using image ] software. It clearly reflects the
fact that the finer the lath size is, the higher the resulting yield strength is, and is in good agreement
with the conventional Hall-Petch relationship. It could be also observed that the samples built in the
longitudinal direction show higher strength when compared with their transverse counterparts, which
is common in all AM parts [22,23]. Although, the strength increases faster with respect to inverse
square root « lath size in the longitudinal direction than its transverse counterpart. This anisotropy in
mechanical behavior is not only observed in SLM but also in EBM- and DED-produced parts, and could
be attributed to strong texturing during SLM processing [24]. Texture in the AM parts occurs from
growth of columnar grains, which seem to preferentially occur in an epitaxial manner from one layer
to multiple layers in the building direction [24], driven due to strong —z thermal gradients towards the
heat sink. In Ti6Al4V, the columnar grains are a result of prior 3 grains, which are stable above the
B-transus temperature. Upon cooling, « grains nucleate at the columnar (3 grain boundaries and grow
according to the Burger orientation correlation during cooling [25]. Due to the rapid cooling in SLM,
these o grains grow in a very fine needle-like shape (acicular &’) with certain variant selection [25] by
diffusionless transformation mode. Therefore, the 3 phase is almost absent in the final microstructure.
These prior (3 grains in the as-built microstructure cannot be seen but are important in evaluating final
yield strength and elongation of a material, because final orientation of « laths are dependent on the
orientation of the prior 3 columnar grains. When these columnar grains are oriented transverse to
the loading axis, they impart high yield strength by dislocation pile-up at prior 3 columnar grain
boundaries. In longitudinally/horizontally built samples, these columnar grains are oriented transverse to
the loading direction and; therefore, high yield strength values are seen compared to transverse, as shown
in Figure 4. The grain boundaries of these columnar grains are not easy to identify and are sometimes
misinterpreted by laser vector hatch spacing. Careful identification or reconstruction of 3 grains using
electron backscattered diffraction data is a promising technique to resolve the width of these grains [26].

" 1 " 1 1 1 n 1 1 1
1400 - ®m  Longitudinal| |
] * Transverse I
1300 L
= 12004 YS =222.96(c"%) + 762.17 N
S R’ =0.99
= 1100 i
o
= 4
&
& 1000 - B
= +*
= ) 05
2 00 YS = 114.18(c") + 786.67
R*=0.79
800 -{ * L
700 ' i . i . . . , i ,
0.0 0.5 1.0 1.5 2.0 25

Inverse square root of o (pm'o's)

Figure 3. Hall-Petch relationship between o lath size and yield strength for as-built and
heat-treated samples.
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Series arrangement :

Analogous to B grains Parallel arrangement :
arrangement in longitudinal build tensile sample Analogous to B grains
T arrangement in transverse build tensile sample
,W T
-
-
\ .
1 1 1 |~~~ Kesp = K1+ K, Kesr = K1+ K2 + K3 + Ky
Kegr K1 Kz ¢ Kes = 2K Kerp 4K
Keff =0.5K

1 31.4.4. 4
Kesr Ky Kz K3 Ky

Figure 4. Schematic of spring arrangement in series and parallel case analogous to (3 grains in
longitudinal and transverse built samples.

3.2. Correlation between As-Built Elongation and o/f Feature Sizes

Apart from the yield strength, another important property specification of any engineering
material required for the structural integrity is ductility. Figure 5a is the plot between « lath size and
percent elongation of as-built and heat-treated SLM samples. It can be seen from the plot that there
is no clear relationship between elongation and « lath size, as seen for yield strength, as well as no
distinction in elongation values between longitudinally and transversely built samples. The wide
scatter indicates o lath size is not the only factor responsible for percent elongation. It could be possible
that prior 3 grain size and orientation does affect elongation values in a similar manner as yield strength
values. Although, the width of 3 columnar grains are not widely reported in the literature since 3
phase becomes unstable at lower temperatures. By incorporating larger amounts of {3 stabilizers, the 3
microstructure could be frozen at a relatively lower temperature to study these effects, if any. However,
powder layer thickness does appear to relate to elongation. Higher powder layer thickness combined
with large « lath size imparts high percentage elongation. Rule of mixtures is adopted to combine these
two parameters, where 0.8 and 0.2 fraction of contribution is given to « lath size and powder layer
thickness, respectively (0.8*(c lath size) + (0.2*layer thickness)). The combined size is plotted with
percentage elongation for as-built samples, as shown in Figure 5b. It can be observed from the plot
that a linear relationship is established, which shows layer thickness does affect the elongation values.

The powder layer thickness could be corelated with prior 3 columnar grain size by considering
the nucleation population in a specified build height. For example, the higher the layer thickness, the
lesser would be the number of melted layers for a specified build height. This considerably reduces
the total number of nucleation events, hence a larger prior § columnar grain width becomes probable.
This is also indicated in Table 1 with a few exceptions. By relating 3 grain size with powder layer
thickness, it can be inferred that a larger prior 3 columnar grain width combined with a large « lath
width imparts higher elongation as shown in Figure 5b. Like the yield strength relationship, the
orientation of prior 3 columnar grain also affects elongation. Higher elongation values are achieved
for transverse as-built samples when {3 columnar grains are aligned along the tensile loading axis,
as shown in Figure 5b. This higher elongation is the result of a higher Schmid factor value, which is
achieved due to nearly transverse orientation of o’ (~60° with prior 3 columnar grains) laths with
the tensile loading axis for transversely built samples [14]. Apart from higher elongation, the rate at
which elongation increases as a function of combined o lath widths and powder layer thickness, is also
faster in transverse samples compared to their longitudinal counterparts. One possible explanation
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is as follows: The effective spring coefficient decreases from 0.5 to 0.25 K resulting in a change of
0.25 K for loss of two springs (from four to two springs) in the series spring configuration on the left
(Figure 4). This effectively implies that the stiffness change per unit spring is 0.125 K. Similarly, the
stiffness change per unit spring is K for the parallel spring configuration. The reduction in the number
of springs in the parallel and series scenario is theoretically equivalent to the increase in powder layer
thickness. Increase in powder layer thickness corresponds to reduction in the number of nucleation
spots, which leads to increase in grain size. The stiffness change per unit spring stiffness is higher in
the transversely built samples when loaded in transverse direction compared to longitudinally built
samples when loaded in longitudinal direction. Henceforth, the increase in elongation with respect to
the decreasing number of grains or increasing powder layer thickness is also going to be higher in
transverse samples compared to their longitudinal counterparts.

15 1 L 1 L L2l i L L I S | 15 1 L 1 1 L
@) = Longitudinal (b) ®  Longitudinal
» * Transverse * Transverse
* u L ] *
* =
ot LEL —3.20(0.80+0.2LT) - 8.67
10 4 L R =0.86 L
* x .~
§ * L §
8 = = i £ u
= " =
oL o0
= =
2 2
=54 * r = CL =0.75(0.8¢+0.2LT) + 0.35 B
L] a
i R =0.84
* %
0 T T 0 x T T T
0.1 1 10 3 6 9
« lath size (um) Combined size of & and LT (um)

Figure 5. Plot between percentage elongation and (a) o lath size for as-built and heat-treated samples
and (b) combined « lath and powder layer thickness (LT) using rule of mixture for as-built samples.

3.3. Correlation between Heat-Treated Elongation and o/p Feature Sizes

The percentage elongations of heat-treated samples for longitudinal and transverse oriented
samples are plotted with combined « lath and layer thickness (relating with 3 columnar) width using
rule of mixtures, as shown in Figure 6. The transverse-built heat-treated samples again showed good
linear relationship with combined « lath and layer thickness; however, longitudinal samples showed
an inverse relationship with increasing combined width. This discrepancy can be anticipated by
considering the effect of PAHT conditions. In heat-treated samples; holding time, temperature, and
cooling media are factors which affect the size of « lath and 3 columnar width. It can be seen from
Table 1 that the lower elongation values correspond to the samples that were either heat treated at very
low temperature or water quenched after heat treatment. Therefore, correct measurement of prior
B columnar grains and its orientation in addition to « lath size is needed to correctly evaluate or to
establish a relationship for yield strength and elongation.
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15 . 1 . 1 . 1 . 1 . 1
m | ongitudinal
i * Transverse
I\ EL =-1.73(0.80+0.2LT) + 25.58
12 4 R’ =0.87 L
*
- EL = 0.82(0.80+0.2LT) + 0.62
X R*=0.83 I
=
8
< 94 o
on
=
=
25 L
6 - L
*
T T T T T T T T T T
4 6 8 10 12 14

Combined size of o and LT (um)

Figure 6. Plot between percentage elongation and combined « lath and powder layer thickness (LT)
using rule of mixture for heat-treated samples.

4. Conclusions

It could be concluded that widely reported tensile data for Ti6Al4V fabricated through SLM, when
combined with microstructural information (i.e., structure, « lath, and prior 5 columnar grain width
size), enables a Hall-Petch relationship to be established, showing that finer « lath size is responsible
for imparting high yield strength. Orientation of prior 3 columnar grains introduce anisotropy in
mechanical behavior, which is commonly observed in AM-fabricated samples. Transverse orientation
of prior 3 columnar grains with respect to tensile loading axis gives higher yield strength. Powder
layer thickness showed considerable effect on elongation due to its correlation with 3 columnar grains.
Rule of mixtures is adopted to establish a relationship between grain size and elongation. Results
show good correlation between combined « lath, powder layer thickness (related to 3 columnar),
and elongation.

Design Criteria: For a design perspective, the built material should have optimal elongation in
the as-build condition along with strength. Based on the observed results and inferred trends, the
combination of high strength and high elongation value can be achieved in the as-build condition
by properly choosing the powder layer thickness. A high powder layer thickness, which is related
to B columnar grains by the virtue of number density of nucleation sites, provides high elongation
and conserves the high strength in a part. This work can be very useful to improve the mechanical
properties of AM-printed parts by using larger layer thickness. As we mentioned, the powder layer
thickness values are related with 3 columnar grains, in future it would be very interesting to see if this
relationship still holds true using the 3 columnar grain size directly instead of layer thickness. If the
value of « lath size and powder layer thickness are known, the yield strength and elongation values
could be predicted or by using Integrated Computational Materials Engineering (ICME) tools which
can predict these microstructure features.
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