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Abstract: Residual stress/strain and microstructure used in additively manufactured material are
strongly dependent on process parameter combination. With the aim to better understand and
correlate process parameters used in electron beam melting (EBM) of Ti-6Al-4V with resulting phase
distributions and residual stress/strains, extensive experimental work has been performed. A large
number of polycrystalline Ti-6Al-4V specimens were produced with different optimized EBM process
parameter combinations. These specimens were post-sequentially studied by using high-energy
X-ray and neutron diffraction. In addition, visible light microscopy, scanning electron microscopy
(SEM) and electron backscattered diffraction (EBSD) studies were performed and linked to the other
findings. Results show that the influence of scan speed and offset focus on resulting residual strain
in a fully dense sample was not significant. In contrast to some previous literature, a uniform o-
and 3-Ti phase distribution was found in all investigated specimens. Furthermore, no strong strain
variations along the build direction with respect to the deposition were found. The magnitude of
strain in « and (3 phase show some variations both in the build plane and along the build direction,
which seemed to correlate with the size of the primary (3 grains. However, no relation was found
between measured residual strains in oc and 3 phase. Large primary {3 grains and texture appear
to have a strong effect on X-ray based stress results with relatively small beam size, therefore it is
suggested to use a large beam for representative bulk measurements and also to consider the prior 3
grain size in experimental planning, as well as for mathematical modelling.

Keywords: residual stress/strain; electron beam melting; diffraction; Ti-6Al-4V; electron
backscattered diffraction; X-ray diffraction

Materials 2019, 12, 667; d0i:10.3390/ma12040667 www.mdpi.com/journal/materials


http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0001-8801-5837
https://orcid.org/0000-0003-3772-4371
https://orcid.org/0000-0002-7675-7152
https://orcid.org/0000-0001-9315-8787
http://www.mdpi.com/1996-1944/12/4/667?type=check_update&version=1
http://dx.doi.org/10.3390/ma12040667
http://www.mdpi.com/journal/materials

Materials 2019, 12, 667 2 of 20

1. Introduction

Titanium-based alloys have been widely used as engineering materials in many industries because
of their excellent combination of a high strength/weight ratio and good corrosion resistance [1].
Application of the titanium and its alloys can be found in many different industries ranging from the
aerospace to consumer goods, e.g., heat exchangers, automotive, offshore petroleum, gas exploration
and medical implants [1]. Among various titanium alloys, Ti-6Al-4V is by far the most commonly used
and accounting for some 50% of the total titanium output in the world [1]. However, extracting high
purity titanium and the production of usable raw Ti-6Al-4V is a difficult and expensive process.

Many additive manufacturing (AM) techniques have been developed to fabricate geometrically
complex and fully dense metal parts for a variety of applications. The most common AM methods use
a laser or electron beams as the power source. In comparison with conventional methods, the electron
beam melting (EBM) method has the advantage of increased component complexity with limited
manufacturing expertise, shorter lead times, reduced material waste and minimum or almost zero
tooling cost [2-4]. In the EBM, electromagnetic lenses are used for focusing and guiding of high-energy
electron beams to selectively melting the ingredient powder to form a three-dimensional solid object
point by point and layer-by-layer bases. The process is a fully computer controlled automatic system.
Electron beam melted Ti-6Al-4V and its microstructure have previously been described by [3-6].
Despite the young age of the EBM process, it has already been demonstrated that it can create
defect-free complex products with good mechanical properties, such as functionally graded cellular
structures [7-10]. However, the EBM process is complex, and the results depend upon the variables
of the system, such as beam power (beam current), beam size, scan speed, and scan direction/scan
strategy. These are collectively referred to as process parameters. Thus, each set of process parameter
settings produces a different built environment and cooling conditions, and as a consequence, different
microstructures are observed [2,11] as well as possible different states of residual stress/strain (RS)
and texture [12-15].

RS is internal, self-balanced stress that exists in alloy systems without any external applied forces
and may appear during mechanical, thermal or thermochemical processing [16-18]. Depending on the
compressive or tensile nature and magnitude of the RS, it significantly affects the mechanical properties
of the materials. Lack of understanding RS distribution and the effect of different processing on the
stress may create serious consequences [19]. Therefore, it is crucial to know the nature and magnitude of
RS in the material for safe and economical operation. AM processes, such as EBM have already proven
to be a potential manufacturing process in various fields with many possibilities. However, during AM
processes, because of the repetitive selective point by point melting and solidification process, strong
heat gradients are generated between different parts of the built material, which potentially can lead to
unfavourable residual stresses. Despite several decades of development of AM processes, metal AM is
still in its infancy and the relation between different AM process combinations with RS, microstructure,
texture and material properties still lack significant understanding. Quality and performance of
additively manufactured material can only be reliably controlled and optimized by understanding the
effects of different process combinations on the RS and microstructure of the built material. There is
limited research concerning RS on titanium alloys produced with conventional methods [17], wire/arc
based additive manufacturing [20,21] and selective laser melting (SLM) [22-24]. However, there are
only a few concerning RS in EBM Ti-6Al-4V [25-27]. Therefore, this study aims to explore the effect of a
subset of EBM process parameters on residual strain/stress in Ti-6Al-4V. RS can be investigated by e.g.,
hole drilling techniques, ultrasonic and magnetic methods and diffraction-based methods [16,18,28].
Each RS measurement technique has its own advantages and disadvantages. Among them, diffraction
(e.g., X-ray and neutron diffraction) is one of the most accurate and well-developed methods of
quantifying local and global residual stresses in the material [16,18]. Compared with conventional
RS measurement techniques, the diffraction method offers many advantages. The residual stresses in
the material are calculated from the strain measured in the crystal lattice. Generally, RS diffraction
measurements are not significantly influenced by material properties such as hardness, the degree of
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cold work, or preferred orientation. In fact, all can be quantified by diffraction techniques. In addition,
they are non-destructive, have a high spatial resolution (ranging in the order if um to mm depending
on the radiation source)), almost no specimen geometry restrictions, and can be applied to all types of
crystalline material. Furthermore, with the high-energy synchrotron X-ray diffraction setup used in
this work, it is possible to characterize and conduct quantitative studies on multi-component systems
containing phase quantities as low as 0.1-0.7% [29-31] with a high temporal resolution (0.2 s) [31].
This means that phase specific RS in the target system can be determined dynamically with high
accuracy. Last but not the least, diffraction-based RS techniques are already well established—there is
good level of expertise, and standards have been developed [16,18,32].

To investigate the effect of EBM process parameters on residual strain and stress development,
various specimens produced with different beam sizes, scan speeds and build thicknesses were
investigated. In addition, original powder specimens that were used to produce these solid specimens
have also been tested. Diffraction measurements were carried out using the high energy (50-150 KeV)
beamline I12-JEEP (joint engineering, environment and processing) at the Diamond Light Source (UK)
with an energy dispersive X-ray diffraction (EDXRD) setup [33], as well as the dedicated RS neutron
diffractometer (ND) E3 [34] at Helmholtz Zentrum Berlin (Germany). After data collection, the Pawley
pattern fitting method was performed for the EDXRD data and single peak fitting for the ND data
using the structure analysis software package TOPAS-Academic [35].

2. Experimental Setup and Data Analysis

2.1. EBM Process and Material

The EBM process is described in greater detail e.g., in [36]. However, the EBM process is
quite complicated owing to numerous parameters (e.g., feed material, beam current, feed rate,
build layer thickness and scan speed), which potentially change the build environment and cause a
different micro-structure in the final product that may not be wanted. The solidification rate, surface
smoothness, and microstructural homogeneity of EBM processed parts are strongly influenced by the
process parameters.

The electron beam parameters, such as beam speed, beam current and scan length can be varied
in a controlled sequence throughout the build according to algorithms developed by the manufacturer.
According to the literature, the resolution of the build in EBM is influenced by layer thickness [37,38]
powder size [39] and spot size [2]. It has been reported that the size of the powder and layer thickness
has a direct influence on build part quality [38,39]. Commonly, a smaller powder gives finer surface
finish and it has been demonstrated that the EBM can process powder with size 25-45 pum [39].
The benefit with smaller particles is finer surface finish and more compact layer i.e., no/little shrinkage.
Nonetheless, due to the charging from the electron beam, smaller powder particles are not possible for
EBM i.e., a phenomenon called smoking can otherwise occur. A benefit with larger particle size and
layer thickness, however, is an increased build rate. To achieve the highest quality, the current standard
EBM layer thickness has been reduced from 100 to 50-70 pm and powder with size 45-100 pm was
used [40]. The powder used in this study was gas atomized and size within the range of 45-100 um.
The chemical composition is Ti-6Al-4V-0.1Fe-0.150-0.01N-0.003H (in wt %).

The mechanical properties of the EBM built Ti-6Al-4V are affected by scan speed [41]. It has
been reported that the rapid heating and cooling, and repetitive thermal cycles of AM processes in
laser-based additively manufactured material create RS in as-built material [42,43]. According to
Klingbeil et al. [43], preheating of the build platform and powder layer can reduce RS and negative
effects, such as part warping. In the EBM process, for Ti-6Al-4V the whole build chamber is heated
to approximately 700 °C prior to building, and each layer of powder is preheated before melting.
The minimum temperature of the build chamber is maintained > 600 °C throughout the build
process [40]. Therefore, the EBM built component is naturally annealed immediately after building,
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and thus remaining residual stresses may be limited in magnitude. However, the relation between
scan speed, offset focus and RS has not yet been verified experimentally to the authors” knowledge.

Ti-6Al-4V blocks of 50 mm x 50 mm x 5 mm were built and measured at the centre of each
specimen both along the build direction (vertical, “V”) and in the build plane (horizontal, “H”) by
neutron diffraction. To investigate the finger prints of the phase specific residual stresses, specimens
were cut from the as-build blocks in varied thicknesses (see Table 1) and investigated with synchrotron
XRD in two directions (Figure 1). For the analysis of the RS state and microstructure, three different
standard controlling factors were chosen: build thickness, scan speed and offset focus. The details of
specimen production parameters are tabulated in Table 1. Three specimens were made for each set
of processing parameters. Because of limited beam time, only one specimen was measured during
neutron diffraction experiment.

Table 1. Specimen process parameters.

Specimen ID Contour Scan Scan Speed  Current Contour Offset Specimen
Speed (mm/s) (mm/s) (mA) Current (mA) Focus (mA)  Thickness (mm)
54 180 575 8 9 15 247/5*
S5 180 650 8 9 15 2.68
S6 180 651 8 9 15 2.70/5*
S7 180 652 8 9 15 1.99/5*
S8 180 575 8 9 30 3.02
S9 180 652 8 9 30 2.93
S10 180 653 8 9 30 2.77
S11 180 650 8 9 30 297
S12 180 700 8 9 12 2.50/5*%

* is the as-built specimen thickness that was used in the neutron diffraction studies.

EDXD
dctcd(n

As- buﬂd sample

50 M,

' (z) uonda11p Buiping

Build plate (xy)

Figure 1. Beam line setup and illustration of measurements. “V” is the vertical direction and “H” is
horizontal direction. Each blue and green rectangle represents the measurement locations. Embedded
image is a photo of one of the as-built specimens.
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2.2. Synchrotron X-ray Measurements (EDXRD)

Synchrotron X-ray diffraction is a well-known and powerful tool for structural analysis, quality
characterization [18,44] and conducting quantitative studies on multi-component systems [30,31].
Herein reported experiments were performed at the high energy (50-150 KeV) beamline I12-JEEP
at Diamond Light Source in the UK with EDXRD setup [33]. All specimens were irradiated with a
white/continuous X-ray beam with a photon flux range from 1.8 x 10 to 9.4 x 10!° photons s !
depending on the energy of the X-ray beam. The EDXRD data were recorded with a “horseshoe”
detector, consisting of 23 liquid-nitrogen-cooled germanium (Ge) energy-sensitive detector elements,
positioned 2 m behind the specimen position with a take-off angle of 5° from the incident beam.
The energy resolution of Ge-detector ranges from 7 x 1072 at 50 keV to 4 x 1072 at 150 keV. As the 23
detector elements are equally spaced in steps of 8.2°, they have full azimuthal coverage from 0° to 180°.
During the measurements, each detector element independently records diffraction patterns under a
different Bragg angle. As the sequence of energy values of each detector element is approximately the
same for all, the 23 diffraction patterns can be summed to form one pattern after normalization of each
data set for detailed phase analysis. The actual EDXRD setup with schematics of measurements and
specimen can be seen in Figure 1.

In the experiment, a 2-mm thick copper filter and slit sizes of 0.1 x 0.1 mm? and acquisition time
of 100 s were used. To map strain variations in the material along build direction and in the build
plane as complete as possible in the limited synchrotron beam time, measurements were made at an
average of 55 points in the centre of the specimen along the vertical, and 10 in the horizontal direction.
The volume of the material contributing to the diffraction pattern corresponds to the intersection of the
incident and diffracted beams, typically defined by slits and collimators, respectively. To ensure the
gauge volume is fully inside the specimen, the centre of the measurements points close to the edges
was positioned about 300 um from the edge during horizontal and vertical line scans in the centre of the
specimen. The clearance of corner scan, however, is about 0.5 mm from the corner edge. Each detector
element in the setup measures the lattice spacing in a specific direction, which means that strains in
23 different directions in 0-180° range can be measured in a single measurement without specimen
rotation. The measured strain direction can be defined by the X-ray scattering vector, which bisects the
incident and diffracted beams. With this EDXRD setup, the three-dimensional strain/stress field can
be calculated by including additional information or by adopting assumptions, such as the plane strain
criterion. For that reason, only strains along the longitudinal and transversal directions are presented in
this work. Detector elements 1 and 23 were used to measure transverse strain, and elements #11 or #12
were used to measure longitudinal strain. Compared with the angle dispersive diffraction setup used
in the lab X-ray source, the JEEP (I12) at Diamond has many orders of magnitude higher X-ray flux
with high energy. At JEEP it is possible to probe metal specimens in millimeter to centimeter thickness
in relatively short times. This gives the possibility to determine the RS state of the various phases
in one experiment. This was important for the present study as thicker specimens allowed to obtain
better statistical average (larger diffracting volume, i.e., more grains) for proper RS state probing.

2.3. Neutron Diffraction Studies

To avoid setup or instrument dependent error and justify the observations, the same specimens
were investigated with the neutron diffractometer E3 [34] and the ESS test beam line V20 [45,46] at
the research reactor BER-II in the Helmholtz-Zentrum Berlin (HZB). E3 is a constant wavelength and
angular dispersive instrument (detector is moved around 20), whereas V20 is a time of flight beamline,
where a wavelength dispersive setup with a fixed detector position was used.

2.4. Microstructure Studies

All specimens used for microscopic studies were prepared by using standard metallographic
preparation routines. To investigate the microstructure of the specimens, visible light microscope
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(Nikon ECLIPSE L150, Amsterdam, The Netherlands) and scanning electron microscope (SEM,
ZEISS EVO LS10, Zeiss, Oberkochen, Germany) were used. The SEM was operated using an
acceleration voltage of 25 keV with magnifications ranging between 1000 and 5000x. Electron
backscatter diffraction (EBSD) scans were performed in an SEM equipped with a field emission
source and an automated EBSD acquisition system. Here, the SEM was operated at an accelerating
voltage of 20 kV and a beam current of 5 nA. The EBSD scans were acquired with the specimen tilted to
70° at a working distance of 10 mm. Two EBSD maps have been obtained from two different locations
at the centre of the specimen along the build direction.

2.5. Diffraction Data Analysis

After measurement, the software MATLAB was used to extract the data in xy binary format,
which is friendly to many structure refinement programs. Then, the structure analysis software
packages TOPAS-Academic was used to carry out least-square refinement (Pawley method) and
standard single peak fitting routines [35] for stress/strain analysis. Phase quantities of the sample
were determined by the Rietveld analysis [35]. The basic crystal structure information of the various
phases needed for the Pawley and the Rietveld refinement were obtained from the Inorganic Crystal
Structure Database (ICSD) [47]. All structural data used, such as reference and refined parameters,
are tabulated in Table 2.

Table 2. Some known and calculated crystallographic information of different Ti phases.

Phase Structure (S;}r);cl; a(d) c(A) O Atomic Site Reference (ICSD)
29511 4.6843 25 43416
2.9508 4.6855 - 52522
2.9064 4.6667 20 99778
- ep P63 /mme 2.951 4682 - 0.3333 0.6667 43614
2,916 4.631 - 0.25 168830
29232(7)  4.6700(4) 25 Polycrystal
2.9230(6) 4.6697(6) 25 Polycrystal corner
29210(6)  4.6644(8) 25 Powder
3.2765 3.2765 - 653278
5T BeC . 32068(7)  3.2068(7) 25 000 Polycrystal
3.2082(7) 3.2082(7) 25 Polycrystal corner
32023(8)  3.2023(8) 25 Powder
Omega Ti LP‘I’g;e P6/mmm 46 282 prljsifi‘re 0_3523052;6?7205 52521

As overall diffraction patterns (or peak shapes) are a convolution of background, specimen and
instrument, a standard cerium oxide specimen with lattice parameters 5.41165(1) A was measured
under the same configurations for calibration and instrument profile function extraction purpose. Then,
the Pawley [35] refinements were performed to determine the profile function. After a good fit was
obtained from cerium oxide data, the instrument profile function was set fixed together with zero error
correction, and then a Pawley batch fitting was carried out to refine the structure of various phases to
define best possible unit cell parameters of each measurement. The Pawley fitting was performed on
the full diffractogram, which spans from 0 to 145 degrees in 26. The peak profiles were modelled with
a modified Thompson—Cox-Hastings pseudo-Voigt (pV-TCHZ) profile function [35]. The background
was fitted with a Chebyshev function with six coefficients and the zero-shift error together with axial
divergence calibrated with a standard cerium oxide reference specimen. During batch refinement all
instrument related parameters were kept fixed and only unit cell parameters together with background
were refined. To avoid any complication introduced by oxides, elemental composition variation,
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and phase distribution to the measured strain, a single peak fitting was also performed together with
the Pawley fitting in limited diffraction ranges, i.e., 1.19639-1.79480 A.

2.6. Strain Calculations

Diffraction patterns are routinely used as a fingerprint of a material’s crystalline structure.
Any external stimulus, such as applied load or heat gradient can alter the interplanar lattice (d)
spacing of the material, causing a change of the diffraction pattern. Therefore, the atomic lattice
spacing in crystalline materials can be used as a natural strain gauge [16,48]. For instance, tensile stress
will cause an increase of the lattice spacing in a given direction and compressive stress leads to the
opposite. The average elastic lattice macrostrain (gyy) in the sampled volume can be calculated by
comparing the measured lattice spacing dyy; with that of the unstrained (stress-free) lattice spacing
d%y as [16,48]:

)

If the target material is isotropic and all grains/domains in the material have the same responses
to external stimulus, then the Equation (1) is sufficient to determine the stress/strain state in the
material for a given direction of the stress/strain tensor. However, most crystalline materials have
anisotropic properties, including the stiffness of the unit cell, and hence accurate stress/strain analysis
requires consideration of multiple reflections. While individual peak fitting can be used to investigate
the elastic and plastic anisotropy of individual lattice plane families, a fit of a complete diffraction
profile—as used for results reported herein—can be used to determine the average lattice parameter
from which the strain can be calculated that is closely representative of the bulk macroscopic strain
(for the same direction).

The strain in a cubic material/phase (e.g., 3-Ti) can be calculated by [48,49]:

a—a
Ecubic = s 2)
ap
Similarly, the strain in a hexagonal material can be calculated by [48,49]:
2(£-1)+(£-1)
€hexagonal = 3 3)

where a and c are the lattice parameter of the given phase; 4y and cy are the strain-free lattice
parameters. Unstrained lattice parameter can be extracted by several methods, e.g., summarized
by Withers et al. [32]. In this work, the d%kl' ag and ¢y are obtained by (1) measuring the raw powder
used for building these specimens used in the study; (2) measuring from the corner of each specimen;
(3) taking the mean values of all scans of each sample.

3. Results and Discussion

3.1. Microstructure

Depending on processing and alloying elements, the Ti-6Al-4V microstructure may include «-Ti
(hep), B-Ti (bee), of (hep martensite), as well as different amount of dislocations, substructures and
twinning [1,4]. The EBM built Ti-6Al-4V, however, commonly consists of two phases, namely «-Ti
(hep) and B-Ti (bec) twinning [2,4,5,50]. Typical visible light micrographs of one of the specimens from
build-direction and build plane are shown in Figure 2a,b, respectively. All materials studied show a
microstructure which consists of intertwined « lath colonies where individual «-laths are separated by
a thin layer of retained p-phase. This type of microstructure is formed when fast cooling rates from
the pB-phase field are achieved [51], the presence of grain boundary « does, however, indicate that
the cooling rate was not fast enough to suppress the grain boundary « nucleation, which can occur
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for AM processes with even faster cooling rates. High-resolution SEM micrographs corresponding
to Figure 2a,b are shown in Figure 2c,d, respectively. In these SEM micrographs, the dark colour
corresponds to the alpha phase and white colour corresponds to the 3 phase. The microstructure
shown in Figure 2 is similar to the microstructure of EBM built Ti-6Al-4V reported by others [2—4,11,15].
The columnar nature of prior 3 grains that is shown in Figure 2 is a direct consequence of the thermal
gradient that exists in the build direction [15].

Figure 2. Light optical microscopy image of S7V (a), and S7H (b). In (c) and (d), the images are taken
with a SEM where the specimens used are S8V and S8H respectively. Z indicates the build direction and

etching procedure employed to obtain the alloy microstructures was by immersion in Kroll’s etchant
for 10s.

Synchrotron X-ray and neutron diffraction work confirmed the o+ microstructure observed by
microscopy. Figure 3 shows the raw XRD diffraction patterns of as-received Ti-6Al-4V powders used
for building all the specimens investigated in this study together with a representative diffraction
pattern of EBM built material collected at the centre and one of the top corners (close to the final
layer) of the same specimen. The colour coded, small vertical tick marks in Figure 3 (and all other
figures throughout) represent the hkl peak positions of labelled phases in the same colour. As expected,
the diffraction patterns from the corner and centre of the built material showed close similarity,
but they both differ significantly from the powder pattern. According to Figure 3, it is evident that
the as-received Ti-6Al-4V powders and the EBM specimens (independent of build location) contain
predominantly a-phase with the HCP structure, consistent with previous studies [52]. In addition,
the system also contained detectable amount of BCC (3-phase (1.5-10 wt %) together with limited
quantity of Ti-oxide (<1 wt %). The peak position and the intensity of the oxide diffraction peaks
measured at different parts of the specimen did not show observable variation. Therefore, the effect
of the oxide is excluded from the discussion. The presence of the 3-phase can be clearly seen by the
corresponding high angle diffraction peaks at d-spacing = 2.26 A and d-spacing = 1.60 A for the (011)
and (002) reflections as reported in [53,54].
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Figure 3. Diffraction pattern obtained by EDXRD of Ti-6Al-4V powder and EBM built material.
The colour coded, small vertical tick marks represent the hkl peak positions of labelled phases in the
same colour (& = purple, 3 = magenta).

It is known that the mechanical properties of the Ti-alloys strongly depend on the distribution of
alloying elements and phases present in the system [1]. Generally, Ti-alloys show higher strength and
higher density but lower creep strength with an increase in 3-Ti phase content [1]. To ensure and control
the properties of the material for a specific application, it is important to understand how different
material processing affect the material phase composition of the alloy system. The microstructure and
mechanical properties of Ti-6Al-4V for specific applications can be tailored by post heat treatment
after manufacturing. Commonly, the post thermal process operations will take place in the x+f phase
and/or single 3-phase field. The volume fraction of 3-phase increases with temperature and therefore
governs the mechanical properties [55]. Therefore, it is important to understand how different AM
processes will influence the formation/distribution of the 3-phase in the built material. However,
because of the limited phase quantity at room temperature of the -phase in Ti-6Al-4V and its low
diffraction strength, the -phase has not been observed [56] or has been excluded from the analysis.
While studying Ti-6Al-4V fabricated by the selective laser melting process (SLM), Chen et al. [56] did
not observe a clear 3-phase from either the as-received powder or the built solid specimens from their
XRD work. According to Chen et al. [56], the reason behind weak or absent 3-phase in their system is
the high cooling rate used during the build. They argued that [56], SLM processed specimens maintain
the original composition and crystal structure of the powders; all possible existing 3-phase at high
temperatures might all transform into the « or martensitic o’ phase via rapid solidification during
the SLM process. However, it is interesting that even the as received Ti-6Al-4V powder used in their
work did not show detectable 3-phase. We think that such phase absence might be explained by the
sensitivity of the conventional XRD method and the textures present in the system in addition to the
rapid cooling of SLM processing and powder manufacturing.

Ti-6Al-4V has been shown to have texture [1,12], and its development strongly depends on
processing type and temperature [55]. Because of localized melting and solidification together with
repetitive heating processes, the microstructure and texture formed in additively manufactured
material are different from that in cast or wrought materials. In order to emphasize the complexity and
variation in textures in EBM built Ti-6Al-4V, two grain orientation maps together with corresponding
inverse pole figures obtained from the same specimen measured along the build direction at two
different areas in the specimen are shown in Figure 4. Figure 4a is close to the last melted layer
and Figure 4b is a few mm below. As can be seen in the figure, the material shows preferred grain
orientation (texture), and it varies from one location to another despite that these two measurements
were done in the same vertical plane along the same line and only a few mm apart. Microstructure and
textures presented in Figures 2 and 4 indicate the complexity of the Ti-6Al-4V microstructure produced
by EBM. Because of this highly varying microstructure and its strong correlation with the AM process
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parameters and build geometry, the mechanical properties of the material reported in the literature
shows a large scatter [5,50,52].

Exp. Densities(mud): Min=0.00, Max=4.08 g======== Exp. Densities(mud): Min=0.00, Max=6.07 p=======

Figure 4. Inverse pole figure maps of Ti-6Al-4V (S7V). The build direction is indicated by the white
arrows. (a) is close to the last layer; (b) few mm below from (a); Images under (a,b) is the corresponding
inverse pole figures.

3.2. Peak Intensities and Phase Compositions

All observed diffraction patterns from one diffraction angle (from detector element 15) collected
during a vertical scan of one of the specimens, and the corresponding specimen patterns obtained
from all 23 directions from the same specimen are presented in Figure 5a,b, respectively. As shown in
Figure 5a, some of the - and (3-phase diffraction peaks are absent in certain parts of the build material
from the diffraction patterns collected from only one scattering direction. From Figure 5a, one can
see that there is no correlation between the absences of «- and 3-phase diffraction peaks. In addition,
such an absence does not coincide with the additive build layer thickness. Similar observations have
also been observed for all other specimens studied in this work. The summed diffraction patterns of
all measurements in all 23 scattering directions, however, showed all corresponding - and (3-phase
diffraction peaks with similar peak intensity and width with a sign of «- and p-phases homogeneity
as shown in Figure 5b. This difference is thought to be a result from the preferred orientation of the
different grains (i.e., the a-phase is also present in probed volumes that do not show any x-peak
for a single detector, but the peaks are observed in other scattering angles from the same volume).
In Figure 5, HKL indices of x- and (3-phases with significant changes are given at corresponding peak
Bragg peak positions and interesting regions where 3-phase peaks are absent in detector element 15
also marked with (1), (2) and (3) with green curly brackets.

Similarly, diffraction patterns from one of the EBM Ti-6Al-4V specimens collected along the
build direction and in the build plane are shown in Figures 6a and 7a as a two-dimensional plot,
viewed down the intensity axis, with the diffraction pattern number along the ordinate, and peak
positions along the abscissa. For clarity and emphasizing the existence of 3-Ti in the system, the peak
intensity of well separated (002) 3-Ti peak from the measurement presented in Figures 6a and 7a is
plotted in Figures 6b and 7b, respectively. Peak intensity is colour coded to maintain consistency with
previous figures. Note that the first and last data acquisition location (gauge volume) in Figure 7
does not exactly correspond to the edges of the specimen. There is about 300-pum clearance from each
side. The peak intensity drop is shown in Figure 7b might be caused by the scan strategies used in
this work. The outermost boundaries between the build and powder bed were melted first to form a
contour. Thereafter powders inside the contour were melted in the manner of serpents’ path (from



Materials 2019, 12, 667 11 of 20

one side to another, then one step downwards followed by return, then one step downwards etc.),
which is also known as hatching. As shown in Figures 5b and 6, none of the diffraction patterns
showed any sign of &’ martensite in the top layer of the build material unlike that reported in [15].
According to the Galarraga et al. [13], the observation of a martensitic structure is indicative of a
high cooling rate imposed during solidification and subsequent cooling in the solid state of the last
layer, and a cooling rate of >410 K/s may result in such a structure in last layer. Al-Bermani’s [15]
and Galarraga et al. [13] have also reported that faster cooling rates after solution heat treatment
produce a greater amount of «’ martensitic phase, with water-cooling at a rate of 650 K/s resulting in
a fully o’ martensitic microstructure. However, apart from the last layer, the first layer can also vary in
microstructure compared to the bulk, due to the faster cooling rate close to the thermal conductive
substrate. And these pronounced effects of cooling rates on microstructure also render microstructural
differences. Nonetheless, the volume of these microstructural extremes is relatively small. Interestingly,
Galarraga et al. [13] did not observe o’ martensite in their unprocessed EBM built Ti-6Al-4V ELI (Extra
Low Interstitial) specimens. However, based on the weakening of the (200) 3 phase diffraction peak at
d-spacing = 1.60 A and change in microstructure, tensile test results and microhardness values after
post build heat treatment, they concluded that even air-cooled specimens may contain o’ martensite.
The difference between the observation reported by Al-Bermani’s [15] and this study might be because
of differences in specimen build geometry, process parameters and post-build heat treatments used in
the two different studies.
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Figure 5. Assembled diffraction patterns of a vertical scan (along the build length) of one of the EBM
Ti-6Al-4V samples (S7V). (a) is from the detector element 15 alone and (b) is the sum of all 23 elements
of the same scan. The black arrow indicates the build direction from bottom to top.

During EBSD and SEM studies of EBM built Ti-6Al-4V, Al-Bermani et al. [15] observed 100%
B-phase within the build height 0-300 pm and mostly «-phase at other parts. According to
Al-Bermani et al. [15], the 3 phase occurs due to the co-melting and diffusion of the alloying elements in
the austenitic stainless-steel base plate and the initial Ti-6Al-4V layers. The 3 phase stabilizing elements,
such as Cr, Fe, and Ni were provided by melting of stainless-steel plate. Since all measurements
presented in this work have been performed from 13 mm upwards, we are unable to confirm that
observation. Nonetheless, based on observations presented in Figures 4-7 it is safe to conclude that
globally there is no significant phase difference in different parts of the EBM built Ti-6Al-4V parts at
some distance away from the base plate despite the varied microstructure. This conclusion can be
further supported by neutron diffraction studies. The deep penetration power into Ti and the larger
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sampling volume of neutrons provide the possibility to evaluate the bulk average phase compositions
and residual stress/strain of all present phases in the system.
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Figure 6. (a) Accumulated diffraction patterns of vertical line scan along the build direction of specimen
S8, and (b) corresponding peak intensity of (002) 3-Ti (magenta) and (012) «-Ti. (purple).
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Figure 7. (a) Accumulated diffraction patterns of horizontal line scan along the build plane of specimen
S8, and (b) corresponding peak intensity of (002) 3-Ti (magenta) and (012) «-Ti (purple).

To cross-check for potential variations among larger sampling volumes, data sets collected at

the ESS test beamline at HZB on the same specimen (S8) are presented in Figure 8a. The beamline
operates in time of flight mode, where neutrons start to travel from a source at time t = 0 and travel

tens

of meters to the specimen at which point they have separated by their different velocities and

hence wavelengths. In this measurement, an incident beam size of 10 mm x 10 mm was used, with the
detector positioned at a scattering angle of 26 = 90°. The results in Figure 8a present a relative direct
comparison (the setup remained unchanged besides translating the specimen) between the upper half

(red)
with
spec

and lower half (blue) of the specimen. Both diffraction patterns are almost identical to each other
the indication that there is no significant phase variation between the upper and lower part of the
imen. These results agree well with those in Figure 5b and supports the conclusion that phase

distributions in the material are uniform.



Materials 2019, 12, 667 13 of 20

a) 1200 b)
| Lower half | S10V-30
1000 Upper half =
; S9V-30 |
> 800 f | g 20 S8V-30 |
% 600 l ] 2 S7V-30 |
9 (%]
£ ‘ £ 15 S6V-30 |
400 + v 1 j= S5V-30 |
200 W\/ / | 10 S4V-30 |
0 | (RN P R T I I a
15 20 25 30 1 1.2 1.4 1.6 1.8
TOF [ms] d-spacing

Figure 8. Time-of-flight neutron data for specimen S8 (a). Raw diffraction patterns depicting a relative
comparison between the upper and lower half of specimen S7, supporting the observations in Figure 6.
(b) Collection of diffraction patterns for seven different EBM Ti-6Al-4V specimens.

To investigate whether different EBM process parameter combinations may lead to phase
differences, an EDXRD pattern from the middle of different specimens is presented in Figure 8b.
As shown in the figure, there is no phase difference between specimens other than intensity.
As expected all specimens contain both «- and B-phases. Figure 9 represents a typical Pawley
refinement result of data presented in Figures 6 and 7. In that figure, the blue dots represent observed
intensities, the red line represents the calculated, and the green line is the difference curve on the same
scale. The color-coded tick marks indicate the calculated positions of Bragg peaks. As seen from the
difference curve, the fit is highly satisfactory. All diffraction patterns contained some of the major -Ti
and [3-Ti peaks, which are commonly reported in the literature [57] together with many other minor
and high angle peaks which have not been included in any other reported studies. The matches of
the interplanar spacings (d-spacings) obtained from these peaks and unit cell parameters of «-Ti and
-Ti were not in perfect agreement with the data of the ICSD (see, Table 2). This difference might be
caused by that different EBM process parameters were used to manufacture the materials investigated
in these studies, which may influence the lattice strains and hence the overall lattice parameter.

Intensity [log]

N1 T Y 1 B I i Q

1 1.2 1.4 1.6 1.8
d-spacing

Figure 9. One typical Pawley refinement result: Ry 1.73, Goodness of fit (GOF) 1.52.

3.3. Residual Strain

One of the biggest challenges in diffraction-based residual strain measurements of additively
manufactured material is obtaining the strain-free reference lattice parameters. Commonly,
the reference can be determined from a stress-free specimen of identical material. Because of the
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localized heating effect, microstructure variation and possible texture, specimens built by AM are
expected to show some differences and even at different locations in the same specimen. Considering
the microstructure difference between the ingredient powder, the corner of the build material and
the center of the build material, only mean value-based strain calculations have been selected as the
suitable strain reference extraction method. The lattice strain of «- and -Ti calculated by using unit
cell parameters (a and c) obtained from Pawley fitting of diffraction data from vertical and horizontal
scans are shown in Figures 10 and 11, respectively. Each coloured line in these figures corresponds
to one specific scan belonging to a different specimen. The colour code is the same for both figures.
The error bars are equal to or smaller than the marker size.

Recently, Tiferet et al. [27] have reported that none of SLM or EBM specimens contain residual
macro- nor micro-strains, instead the ingredient powder contains residual strain. Interestingly, lattice
parameters of x-Ti obtained from ingredient powder from our studies show almost identical result
as their bulk specimen. In addition, in contrast to Tiferet et al. [27], lattice parameters obtained
from specimen corners, ingredient powder and bulk specimens from our measurements are similar.
Such small lattice parameter differences indicate that the residual strain in EBM built material is low.
The difference between our results and Tiferet et al. [27] may be related to the different processing
approaches that were used.

In addition to lattice strains calculated from unit cell parameters of «- and (3-phases obtained
from Pawley pattern fitting, a lattice specific strain was also calculated for selected «- and 3-phase
hkl reflections after single peak fitting. Despite the availability of other hkl reflections, only selected
a-phase ((010), (012), (110), (004)), and B-phase ((011), (002), (211)) hkl reflections, which do not overlap
or are well-separated from other phases, were used for calculation. The general trends of the strains
from single peak-based calculations are similar to whole pattern fittings shown in Figures 10 and 11.
However, each lattice plane families yielded some disparity from one another. For simplicity and
considering the superiority of strain calculation by using lattice parameters obtained by whole pattern
fitting over single peak fitting, the results of single peak fitting are not shown.

From Figure 10, it is shown that the measured strain in both longitudinal and transverse directions
in «- and -Ti are fluctuating and they do not show any obvious trend with respect to deposition layers.
However, closer inspection of the strain result of the «-Ti phase shows a slight compressive to tensile
transition trend in both strain measurement directions (Figure 10) along the build. Even though the
o-Ti strain result fluctuation does not match with the deposition layer, the frequency of the fluctuation
appears to correlate with the length of the columnar grains. Therefore, to obtain reliable RS results
from the experiment and modelling, we recommend considering the size of the primary 3-grains in
the measurement strategy, data interpretation and in theoretical simulations. Unlike «-Ti, the 3-Ti did
not show any observable transition and the strain appears to fluctuate more than the «-Ti (Figure 11).
The reason for such a strong fluctuation might be that the 3-Ti phase is the minority phase with high
crystallographic symmetry and strong texture. Hence, the (3-Ti phase in the Ti-6Al-4V system could be
working as buffer phase, which causes local equilibrium of the stress/strain distribution in the system.

The material is built layer by layer via selectively melting the raw material. Therefore,
each deposited layer in an additive manufactured structure undergoes multiple heating and cooling
cycles with repetitive stress relaxation and accumulation processes. Hence, large thermal RS differences
are to be expected at different heights in the build. However, at same build height or in same deposition
layer, the heat treatment is expected to be the same. For that reason, the RS in the same layer should
be the same. As predicted, the RS in the centre of the specimen measured along the scan direction
showed linearity in both longitudinal and transverse directions (Figure 11). The magnitude and nature
of the strain measured near the edge of most of the measurements appear similar to the result obtained
from the centre or has a compressive nature.
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Figure 10. The lattice strain from the central vertical line of specimens perpendicular to the EBM build
plane. Transverse direction at left and longitudinal direction at right. Color code of each specimen can

be seen from the legend at top of the figure.
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Figure 11. The lattice strain from the central horizontal line of a specimen that is parallel to the EBM
build plane. Transverse direction at left, and longitudinal direction at right.

The transverse strain in «-Ti, however, appears compressive on one side and tensile on the
other. The EBM scan strategy used for building is expected to induce a sharp strain gradient from
the surface/edge to the centre/inside of the build. During the EBM process, each layer of the target
object is built in two steps. Firstly, the outer boundary is melted (contour). Then, in the second step,
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the actual part is built within the contours. The contour provides an interface between the actual
build and the surrounding powder. Since molten metal is deposited on a colder contour wall, thermal
contraction of the solidified material occurring during solidification creates a tensile stress in the
deposit and compressive stress in the contour wall. The origin of this is not currently known. Whether
it is build thickness or beam power requires further investigation. These observed differences within
and between specimens may be attributed to the differences in their structure at the temperatures
experienced during EBM processes. As shown in Figure 2a, the material microstructure consists of
large prior 3-grains with «-lamellas. Therefore, the scatter in the strain results presented could be
understood to be a result of the grain statistics as the synchrotron X-ray experiment was conducted
with a relatively small gauge volume. In order to justify whether this is the case, more measurements
have been carried out on selected specimens with the E3 instrument at HZB. Similar to the synchrotron
result, neutron diffraction measurements also did not show any significant difference from one another
at different locations within the specimens (Figure 12). From Figure 12, one can see that there is
neither any directional peak shift of the (112) peak of the «-Ti phase along the build direction nor
peak position differences between specimens. This observation agrees with the results presented in
Figures 10 and 11. The main difference between the neutron diffraction results in Figure 12 and the
X-ray diffraction results in Figures 10 and 11 is that the neutron diffraction results seemed more linear
than the X-ray diffraction results. This could indicate that there is indeed some grain size effect on the
X-ray results. Therefore, to overcome similar problems, a larger beam size should be used in X-ray
based measurements.
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Figure 12. Variation of Ti(112) peak position with respect to build height by neutron diffraction.
(a) Longitudinal direction, (b) transverse direction. It can be seen that variations are within the
error bars.

Residual stresses are important to control with regard to quality and integrity of parts built by
AM. Therefore, it is crucial to know the status and magnitude of any residual stresses to be able
to reduce any detrimental effects. Since residual stresses in additive manufactured materials arise
mainly from temperature gradients, the stress levels formed in the parts could possibly be modified by
changing the heat gradients during manufacturing. The scan speed, beam current and offset focus
of the EBM process influences the heat gradients and are likely to cause different states of residual
stresses. However, according to the present observations, the influence of these process parameters is
not that obvious (at least not for the parameters selected in this work). The reason for not observing
any strain/stress trends or the effects of different process parameters is most likely because of the
high preheating temperature with slow cooling used in the EBM process. In SLM it was reported that
heating the build platform > 200 °C can reduce the RS levels [58]. Therefore, in the future RS studies,
the role of the preheating temperature should be considered.
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There are some limitations in the current work that could be addressed by future work, concerning
process parameter diversity. In AM there are many processes parameters that affect the cooling rate of
the build and consequently the microstructure and RS. Therefore, the authors propose that further
investigations be performed with other processes parameters in mind. In Table 1 the process parameters
that have been used in this work are shown. An example is that in this work, only a current of 8 mA
has been used, this process parameter greatly affects the cooling rate and would undoubtedly render
different RS results.

4. Conclusions

Residual strains in Ti-6Al-4V specimens built by AM from nominal 45-100 um diameter
gas atomised powder using an electron beam melting technique have been evaluated by using
state-of-the-art neutron and synchrotron X-ray diffraction techniques. Based on the present studies of
the EBM built Ti-6Al-4V materials, the following conclusions can be made:

1. Despite strong texture and a columnar microstructure in the build direction, a fairly uniform
phase distribution has been observed. The microstructure is mostly Widmanstétten type with
majority are x-Ti phase with some amount of (3 phase (1.5-10 wt %).

2. Based on synchrotron X-ray studies, longitudinal strain in o-Ti changes slightly from compression
to tensile along the build direction, but no such trend is observed in 3-Ti. Neutron studies showed
no clear trend of RS in neither «- nor -Ti.

3. Neither transverse nor longitudinal strains in «- and 3-Ti in the build plane change significantly.
The longitudinal strains in both «- and -Ti, however, showed a compressive nature close to the
edges of the built materials.

4. No clear residual strain differences between deposition layers was found.

5. The strain variation along the build direction may be related to the elongated prior 3-grains and
should be considered in future experimentation and analysis.
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