Microstructure and mechanical
properties of as-built and heat-
treated electron beam melted Ti-
6Al-4V

Syed, A., Awd, M., Walther, F. & Zhang, X.

Author post-print (accepted) deposited by Coventry University’s Repository

Original citation & hyperlink:

Syed, A, Awd, M, Walther, F & Zhang, X 2019, 'Microstructure and mechanical properties of as-built
and heat-treated electron beam melted Ti—-6Al-4V' Materials Science and Technology, vol. 35, no. 6,
pp. 653-660.

https://dx.doi.org/10.1080/02670836.2019.1580434

DOl  10.1080/02670836.2019.1580434
ISSN  0267-0836
ESSN 1743-2847

Publisher: Taylor and Francis

This is an Accepted Manuscript of an article published by Taylor & Francis in Materials
Science and Technology on 19/02/2019, available
online: http://www.tandfonline.com/10.1080/02670836.2019.1580434

Copyright © and Moral Rights are retained by the author(s) and/ or other copyright owners. A
copy can be downloaded for personal non-commercial research or study, without prior permission
or charge. This item cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the copyright holder(s). The content must not be changed in any way or
sold commercially in any format or medium without the formal permission of the copyright
holders.

This document is the author’s post-print version, incorporating any revisions agreed during the
peer-review process. Some differences between the published version and this version may
remain and you are advised to consult the published version if you wish to cite from it.


http://www.tandfonline.com/10.1080/02670836.2019.1580434
https://dx.doi.org/10.1080/02670836.2019.1580434

Material Science and Technology, Accepted on 05 Feb 209, Published online: 19 Feb 2019

https://doi.org/10.1080/02670836.2019.1580434

Microstructure and mechanical properties of as built and heat

treated electron beam melted Ti-6Al-4V
Abdul Khadar Syed™, Mustafa Awd?, Frank Walther?, Xiang Zhang*

Faculty of Engineering, Environment and Computing, Coventry University, Coventry
CV15FB, UK

Department of Materials Test Engineering, TU Dortmund University, 44227
Dortmund, Germany
Email: "Abdul.Syed@coventry.ac.uk, mustafa.awd@tu-dortmund.de, frank.walther@tu-

dortmund.de, Xiang.Zhang@coventry.ac.uk

Abstract

This paper investigates the effect of post-deposition heat treatment on porosity,
microstructure, and mechanical properties of Ti6Al4V produced via an Electron Beam
Melting process. Samples were studied in the conditions of as built and heat treated at
920°C and 1030°C. The as built samples are characterised by columnar  grains aligned
along the build direction. Within in the columnar B grains, a+f microstructure with
Widmanstatten and colony morphologies was found. Heat treatment has resulted in an
increase in the a lath width. Tensile tests showed greater yield and ultimate tensile
strengths in the as built condition compared to the wrought material. Porosity re-growth
was found after heat treatment, but it did not affect the tensile properties. The increase in
ductility after heat treatment is mainly associated with the increase in the a lath width that

increases the effective slip length.

Keywords: Additive Manufacturing, Electron beam melting, Heat treatment,
Microstructure, Tensile properties, Titanium alloys

1 Introduction
Electron Beam Melting (EBM) is a powder bed fusion additive manufacturing process

that enables near net shape part production by depositing successive layers of material
through melting metal powders using a high-energy electron beam. Amongst various
materials deposited by EBM, particular attention has been paid on titanium alloy Ti6Al4V
due to its high strength to weight ratio, excellent corrosion resistance and biocompatibility

[1]. Material during the EBM process experiences a typical thermal cycle of preheating,
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melting, and solidification. EBM Ti6AIl4V consist of Widmanstatten a+f within
epitaxillay grown columnar parent B grains that are aligned parallel to the build direction
[2-8]. However, parts build with less than 1 mm wall thickness has a mixed
microstructure of a+p and o’ martensite plates [9]. Furthermore, previous studies have
also reported a graded microstructure and mechanical properties along the build direction
due to variation in the cooling rate from the bottom to the top of the build [10-12].

Mechanical properties of EBM Ti6AIl4V is influenced by the process parameters
and post-deposition heat treatments. Research reported in [13] found that the tensile and
yield strength of as built sample was 5% higher than wrought Ti6AI4V, but the ductility
of the former is four times lower than that of the latter. In contrast, Koike et al. [14] found
the yield strength and tensile strength of as built samples reduced by 15% and 16%
respectively compared to wrought. Zhai et al. [15] found that the tensile strength and yield
strength was 7% and 4% higher and the elongation was 42% lower than wrought. Overall,
the yield strength varied from 783 MPa up to 1130 MPa and ductility ranged from 2.3%
to 20%. The large variation in mechanical properties of EBM Ti6Al4V is mainly
associated with the differences in process parameters that control the porosity and
microstructure [8,11].

Another parameter that controls the microstructure hence mechanical properties is
the post-deposition heat treatment. However, only very limited research is found on the
influence of post-deposition heat treatment on the microstructure and mechanical
properties of EBM Ti6Al4V [4,10,16,17]. Amongst these, extra-low interstitial (ELI)
Ti6Al4V was studied in [10, 16] that contained reduced levels of oxygen, nitrogen, carbon
and iron to increase the ductility of the material and the influence of hot isostatic pressing
(HIPing) on tensile and fatigue properties was reported in [17]. Only one study [4]
investigated the effect of post-deposition heat treatment on the microstructure and
mechanical properties of Ti6AlI4V samples built via EBM. Furthermore, no literature is
available on the post-deposition heat treatment at above the  transus temperature on the
porosity and its consequence on the tensile properties. Therefore, considerable research
is still needed to understand the large scatter in the mechanical properties of EBM
Ti6Al4V which is a direct consequence of the process induced porosity and

microstructure. Hence, this paper aims to investigate the influence of post-deposition heat
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treatment on the microstructure, porosity and mechanical properties of EBM Ti6AI4V
and to develop a relation between the post-deposition heat treatment process, porosity,

microstructure and resultant mechanical properties.

2 Materials and methods

The test samples were produced using an ARCAM A2 EBM machine with ARCAM
standard process parameters for Ti6Al4V. Gas atomised Ti6Al4V (Grade 5) powder with
particle size ranging between 45-100 um was used to produce the samples. The chemical
composition of the powder was (wt %): C=0.015, 0=0.18, N=0.026, H=0.003, Fe=0.17,
Al=6.12, V=4.04, and balance Ti. The target pre-heat temperature was maintained 700°C
throughout the build process. Three flat rectangular plates of length 145 x 45 x 5 mm
were deposited with a layer thickness of 50 um, Fig. 1a. One plate was used to extract
the as built samples, one plate for heat treatment at 920°C for 2 hrs followed by air cooling
and the final plate for heat treatment at 1030°C for 2 hrs followed by air cooling to room
temperature. Heat treatment was carried out in a vacuum controlled environment with a
heating rate of 10°C/minute. After heat treatment, three tensile test samples (120 x 10 x
3) were extracted (Fig. 1b) from each plate following the ASTM EB8 standard. Prior to
extracting the tensile samples, the 5 mm thick plate was reduced to 3 mm to remove the

surface defects.

Build [
direction | |
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Fig 1: Schematic of (a) geometry and tensile test sample extraction (b) dimensions of
flat tensile test specimen (unit: mm).

Porosity analysis was carried using X-ray micro-computed tomography (X-ray CT)
on small rectangular samples (10 x 6 x 3 mm thick) extracted from each condition.
Specimens were subjected to a beam voltage of 132 kV and a current of 51 pA. The
effective pixel size was 10 pm that enable to detect defects greater than 20 um per spatial
dimension. Four frames for each projection (2fps) were recorded where each had an
exposure time of 500 ms.

For microstructural analysis, the samples were prepared and etched with Kroll’s
reagent for 45 seconds. The micro texture of the samples was examined by electron
backscatter diffraction (EBSD) along the build direction in a measurement area of 1000
x 500 um? and with a step size of 0.1um. Samples prepared for microstructural analysis
were also subjected to Vickers microhardness measurement under 0.5 kgf load for 10
seconds, on both the as built and heat treated samples. For each sample, 30 hardness
measurement was made, and the average hardness value is reported.

Tensile tests were conducted using a servo electric machine of capacity 50 kN at a
constant displacement rate of 2 mm/min. Sample deformation was measured using a clip-
on extensometer of gauge length 25 mm.

3 Results and discussion

3.1 Porosity analysis

Three types of pores were observed; spherical gas pores (Fig. 2a), gas pores filled with
partially melted powder particles (Fig. 2b) and irregularly shaped lack of fusion pores
(Fig. 2c). Gas pores are formed due to the presence of defects in raw material (hollow
powder particles) with entrapped argon gas. Furthermore, vaporisation of low melting
point constituents within the alloy also lead to gas pores in the EBM builds [18]. The
observed gas pores in as built condition have a mean diameter of 35t12um. Gas pores
filled with partially melt powder were formed due to turbulence in the melt pool and low
viscosity liquid metal spattering that ejects away from the melt pool and falls into the
molten metal or on the powder bed as stated by [19]. The mean diameter of gas pores
filled with partially melted powder particles is 10+3 pum. The lack of fusion pores is the
consequence of the partially melted layer that was formed due to insufficient energy
density during the deposition in that area. Although material fabrication was carried out
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using optimised process parameters, external factors such as electromagnetic interference

during manufacturing might result in insufficient energy density.

Fig. 2: Secondary electron SEM images of (a) gas pore (b) gas pore filled with partially
melted Ti6Al4V (c) a lack of fusion defect filled with partially melted Ti6AI4V.
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Fig. 3: Volumetric defect distributions of (a) as built (b) HT- 920°C (c) HT-1030°C
samples. (d)-(f) high resolution images of as built, HT-920°C and HT-1030°C
respectively.

Porosity analysis by X-ray CT is shown in Fig. 3. Most of the pores appear to be spherical
in shape (Fig. 3 e-f). The X-ray CT analysis did not show any lack of fusion defects as
appeared in 2D micrograph analysis (Fig. 2¢). This might be due to the measured size of
the lack of fusion defects observed in 2D micrograph analysis is close to the threshold
limit (20 um) of the X-ray CT. The relative density measured on HT-920°C and HT-
1030°C samples showed 99.99% and 99.98% respectively. The decrease in density after
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heat treatment is mainly due to porosity regrowth after the heat treatment. It is evident
from Fig. 3 that the pores that are regrown appear to be as gas pores. The argon gas within
the gas pores cannot diffuse out from the material and remains in the samples. Upon heat
treatment, the internal gas pressure will provide a driving force to regrowth, hence a lower
density is observed after heat treatment. Similar results were found in [20]. Post-
deposition heat treatment HIPing is very effective to reduce the porosity in EBM build

parts [10]. However, HIPping leads to porosity regrowth as observed in [20].

3.2 Microstructure and texture characterisation
3.2.1 As built microstructure

Fig. 4: As built microstructure showing (a) optical micrograph of columnar 3 grains.
SEM image showing (b) a+p microstructure (c) retained  phase formed as discrete flat
rods and dots morphology (d) Widmanstatten and colony morphology formed along one

a-GB (dark and bright areas show a and [ phase respectively).
The bulk microstructure of as built samples are characterised by columnar B grains
oriented along the build direction which is a direct consequence of large thermal gradients
along the build direction, as shown in Fig. 4a. Columnar B grains consist of o+f
microstructure with both Widmanstatten and colony morphology (Fig. 4b). The retained
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[ appears as rod and dot-like morphology embedded within the a (Fig. 4c). A relatively
slow cooling rate from above P leads to a colony of a clusters belonging to the same
crystallographic variants whereas faster cooling rates result in Widmanstétten o belong
to multiple variants. At intermediate cooling rates, a mixed microstructure is observed
[21]. Most a laths are individual and oriented in various directions. Fig. 4d shows two
adjacent B grain exhibited two different microstructures, one being Widmanstatten and
the second shows a colony morphology. The a grain boundary that observes the Burgers
orientation with the  grain develops o colony whereas the grain which did not follow the
Burgers orientation relationship develop a Widmanstétten microstructure as reported in
[21]. To further characterise the as built microstructure, o lath width measurements were
performed by measuring the spacing between two neighbouring P laths (the bright phase
showed in Fig. 4c) using the Image J software. The average (100 measurements) o lath
width in as built samples was found to be 0.75+0.38 um.

Fig. 5: Optical micrographs of samples heat treated at (a) 920°C showing the columnar
grain morphology (b) 1030°C showing semi equiaxed beta grains. SEM images
showing microstructure of samples heat treated at (c) 920°C (d) 1030°C.
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After heat treatment at 920°C, the columnar morphology of B grain is maintained (Fig.
5a). However, the o lath width increased to 0.94+0.11 um. Increase in a lath width after
post-deposition heat treatment at below 3 transus temperature was also observed in [16].
Furthermore, o colonies were present after heat treatment (Fig. 5¢). Heat treatment at
1030°C followed by air-cooling resulted in o to nucleate at the grain boundaries and then
grows as lamellar into the B grain. Depending on the cooling rate, the lamellae are either
coarse (slower cooling rate) or fine (faster cooling rate). After heat treatment to 1030°C,
a lath width increased to 1.38+0.26 pum. Furthermore, smaller o colonies were observed
compared to as built and heat treatment at 920°C conditions.

3.2.2 Texture characterisation

Fig.6 shows texture analysis of as built and heat treated samples. As built sample shows
strong crystallographic texture, Fig. 6a. Following the Burgers relation and because of
symmetry, 12 possible variant orientations that can form o from a single parent  grain,
according to [1,22]. As reported by [4,16] the parent B phase in the as built condition is
characterised by the presence of a strong texture in the <100> direction in the build
direction. The subsequent deposition of layers will rapidly increase the temperature
causing rapid solidification of the 3 phase at the rear of the moving melt pool. This process
is repeated and causing the parent 3 to grow along the multiple layers. A detailed analysis
of the typical texture in EBM Ti6AIl4V was investigated by Formanoir et.al.[16] and
reported that the B phase typically exhibits cube or rotated cube texture in which one
<100> B axis remains aligned with the build direction, whereas the two other <100>

axes are rotated by a specific angle with respect to the macroscopic directions.


https://doi.org/10.1080/02670836.2019.1580434
http:1.38�0.26
http:0.94�0.11

Material Science and Technology, Accepted on 05 Feb 209, Published online: 19 Feb 2019

https://doi.org/10.1080/02670836.2019.1580434

(@

{11-20) I

{1120 (e)

{0001}

ae 8 v v -» . — ; P —
(a) As built (b) HT-920°C (¢) HT-1030°C

0001 7210

o110

Fig. 6: Texture analysis of as built and heat treated samples
Although the parent B morphology is essentially not modified by HT-920°C, the coarser
lamellar due to long exposure to below P transus temperature resulted in a weaker texture,
Fig 6b and 6e. On the other hand, HT-1030°C induced a noticeable change in  embedded
with large o clusters because of faster cooling. The presence of large o clusters oriented
in the same crystallographic direction significantly increased the o texture. According to
the Burgers crystallographic relationship, three o variants can be generated from each of
the four <111> directions. These a variants sharing the same [111]g directions have a
tendency to form clusters during a fast cooling rate that can be observed in Fig. 6¢ and 6f
and result in significant texture. However, slower cooling rate (furnace cooling) from
above P transus temperature will result in no clustering of the o phase and a weaker texture

can be obtained.

3.3 Mechanical properties

As built samples have a higher hardness (380+12 HV), compared to the wrought material
(348+7 HV) and heat treated samples due to the fine Widmanstétten microstructure. After
heat treatment, a decrease in hardness was found due to the increase in o lath width. i.e.
35148 and 334+9 HV for HT-920°C and HT-1030°C respectively. It is worth noting the
there is a good correlation between the change in microstructure and hardness.
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Fig. 7: Tensile properties showing (a) Tensile test stress-strain curves (three test each)
(b) comparison of the ultimate tensile strength, yield strength and elongation.
Measured stress-strain curves and tensile properties for as built and heat treated samples
compared to the wrought material is presented in Fig. 7. The yield strength and ultimate
tensile strengths are 5% and 14% higher and the ductility is 250% lower for as built
samples compared to wrought material because of the fine Widmanstéatten microstructure
thus resulting in much lower plastic deformation before fracture. The ductility of EBM
built material is dependent on the build orientation relative to the loading axis [15,17]. In
the current work, the build direction (also the B columnar growth direction) was
perpendicular to the loading axis and therefore the deformation became highly localised
and inhibited due to dislocation pileups at the grain boundaries. In addition, the existence
of o laths restricted the dislocation motion along the laths and dislocations may not travel

a long enough distance resulting in reduced ductility [23].

After heat treatment at 920°C, the yield strength and ultimate tensile strength
reduced by 4% and 7% compared to as built condition. In Ti6Al4V, yield strength and
plastic deformation are influenced by the o lath width which determines the slip band
length and hence controls the plastic deformation. An increased o lath width was observed
after heat treatment at 920°C that has resulted in decreased yield strength and ultimate
tensile strength due to the increased effective slip length during the deformation.
However, the elongation at failure increased by 25% compared to that of the as built
condition though it was still significantly below that of wrought material.

Heat treatment at 1030°C resulted in further reduction of the yield strength and

tensile strength by 6% and 9% respectively compared with heat treatment at 920°C and

10
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10% and 17% compared to the as built condition. The coarser microstructure will increase
ductility, hence the reduction in yield strength and tensile strength owing to the increase
in the effective slip length. Nevertheless, ductility increased by 125% and 80% compared
with as built and heat treatment at 920°C samples respectively. Overall, the tensile
properties of the as built and heat treated EBM Ti6AIl4V found in this research are mainly
governed by the o lath width that determines the effective slip length. Although porosity
regrowth was observed after heat treatment, it appears that the a lath width is the primary
microstructural parameter that has influenced the ductility. Furthermore, the detailed
fracture surface analysis also revealed only the increase in the microvoid size attributed
to the increase in a lath width and no evidence of the porosity was found on the fracture
surfaces. This confirms that the failure location of the test sample has very less porosity
that did not influence the tensile properties. However, studies conducted on the fatigue
properties of as built and HIPped EBM Ti6AIl4V showed that the presence of porosity
significantly reduced the fatigue performance as built samples compared to HIPped ones
as the cracks tend to initiate from the stress concentration cites associated with the
porosity [24,25].

920 390
(a) As built (b) As built
900 A 380 .
~ 370
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Fig. 8. Hall-Petch relation for as built and heat treated samples showing (a) yield
strength as a function of inverse root squared o lath width (b) microhardness as a
function of inverse root squared o lath width.
Ti6AI4V alloys exhibits strong grain boundary strengthening or the Hall-Petch

effect due to hcp crystal structure [26]. The relationship between yield strength or micro

11
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hardness and a specific microstructural scale that is often presented using the Hall-Petch

relation was found by [27] and is expressed as follows
oy- 0y + kd /2 1)

Hy_H + kd /2 (2)
where gy and Hy isthe yield strength and hardness, Ho and oo is the intrinsic hardness and
materials yield strength, d is the average grain size and k, is the Hall-Petch strengthening
coefficient.

As mentioned earlier, the mechanical properties of a+f} titanium alloys mainly
governed by the o phase as its strength is greater than the B phase. Furthermore, the Hall-
Petch phenomenon is likely to occur in the o phase rather than in the  phase, according
to [26]. Fig. 8 presents the Hall-Petch relationship between yield strength, hardness and
a lath width. In general, a good correlation between the change in o lath width and
hardness and yield strength is observed. Above results showed a decrease in yield strength
and hardness with an increase in o lath width. The good correlation can be evident by the
high value of the correlation coefficient, R?= 0.99. Change in yield strength and hardness
with a change in a lath width in EBM Ti6AIl4V is also consistent with earlier work
reported by [3,11].

Conclusions

The influence of post-process heat treatment on the microstructure and tensile properties
of Ti6AI4V produced via electron beam melting was investigated. From the results, the
following conclusions are made.

1. As built microstructure consists of homogenous a+p both in the colony and
Widmanstétten morphologies within the epitaxially grown prior  grains. The
yield and ultimate tensile strengths in as built samples were 5% and 14% higher
than that of the wrought material, owing to the fine lamellar o+ microstructure.
However, ductility was lower in the additive manufactured.

2. The tensile properties are mainly governed by the o lath width that determines the
effective slip length. Heat treatment at 920°C caused 25% increase in ductility and
7% decrease in both the yield strength and tensile strength, whereas heat treatment
at 1030°C resulted 125% increase in ductility, with 10% and 17% decrease in

yield and tensile strength compared to the as built condition.

12
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3. As built sample showed highest density, >99.99%. Post-deposition heat treatment
caused porosity re-growth as the gas within the gas pores cannot diffuse out from
the material and remains in the samples. Increase in post-deposition temperature
has resulted an increase in porosity population; however, it did not affect the
ductility.

4. A good Hall-Petch correlation was found between the increase in yield strength
and decrease in a lath width.
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