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A B S T R A C T   

The strength and fracture toughness of Additively Manufactured (AM) components are significantly influenced 
by the concentration and size of oxides and precipitate inclusions within the build powders. These features are 
highly sensitive to powder production parameters, as well as the number of times a powder has been reused. In 
this study synchrotron X-ray powder diffraction was performed in an inert atmosphere at room temperature and 
during in-situ heating, providing crucial insights into growth rates and distribution of oxides and precipitates as a 
function of temperature. From the high angular resolution data collected, the structural refinement showed that 
plasma wire arc atomisation shows lower residual strain than gas atomised powder samples at room temperature 
after atomisation likely due to lower temperatures achieved during the production process. Additionally, the 
results from the diffraction patterns collected during in-situ heating provide key insights to the four metal 
powders considered in this study, Ti-6Al-4 V, Ni718, AlSi10Mg, and Scalmalloy. This paper also highlights the 
potential that using synchrotron X-ray diffraction to study AM parts and constituent AM powder has to gain 
crucial insight into material properties and the build reliability of end use production quality parts from AM.   

1. Introduction 

Metal additive manufacturing (AM) is rapidly becoming a more 
viable method for reliably making functional end use parts [1,2]. AM is a 
method of production where the final part is built up, usually layer by 
layer, until the final geometry has been completed. Laser powder bed 
fusion (L-PBF) is one method of AM that uses a laser to locally melt metal 
powder to build up components. The resulting parts can take advantage 
of the complexity to reduce the number of parts in an assembly, reduce 
the overall weight, or allow for increased personalisation at a larger 
scale of manufacturing. For these reasons, automotive, aerospace, 
medical, and dental industries have begun to utilise and invest heavily in 
the future of metal AM [3]. However, the available alloys that are 
suitable for L-PBF is still limited and the quality of as-built metal parts 
produced through AM is not yet equal to parts produced from traditional 
machining methods, primarily due to build defects porosity, crystal 
anisotropy, surface roughness, oxidation and other quality issues [4]. 
There is substantial potential to overcome many of these issues via 
refinement of powder production and printing processes, as well as 
post-processing. For these reasons, developing an in-depth 

understanding of how metal powders behave at temperature is integral 
in limiting the quality gap inherent to metal AM parts. 

The strength and fracture toughness of additively manufactured 
components are significantly influenced by the concentration and size of 
oxides and precipitate inclusions within the build powders [5–7]. These 
features are highly sensitive to powder production parameters, as well as 
the number of times a powder has been reused [8–12]. Powders for 
metal AM are typically manufactured through processes called gas 
atomisation (GA) or plasma wire atomisation (PA) [13]. These processes 
work with a combination of heating up the metal wire and using a 
pressurised gas to create small droplets that rapidly cool into powder 
between 10 and 500 µm in diameter, depending on the method [14]. 
While gas atomisation methods rely solely on the pressurised gas, 
plasma wire atomisation passes the pressurised gas through an electro
static field to produce a plasma arc, to create more uniform powders 
[15]. The heating and rapid cooling of the material can lead to possible 
defects in the powder, including surface material oxidation, 
non-metallic inclusions, run-to-run contamination, and internal stresses 
due to the rapid cooling of the material [16]. Once produced, unsintered 
powder in L-PBF can be reused multiple times, however, the quality of 
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the powder degrades with further use beyond 5–10 cycles [17]. The 
quality degradation includes larger powder size with increased surface 
roughness as well as potential surface oxidation on the powders, among 
other factors. 

Powder production methods and post processing of the atomised 
powder can greatly impact the quality of the powder, and therefore, the 
macro scale properties of the final as-built parts. Residual stress is one 
main L-PBF induced defect that occurs due to thermal gradients within 
the build chamber as a result of the layer-by-layer melting inherent to 
the process. Build-up of residual stresses can lead to part defects from 
poor mechanical properties and geometrical inaccuracies, to crack for
mation in the part and delamination from support structures. Residual 
stresses are typically greater where the part meets the substrate at the 
bottom of the build chamber, as the thermal conduction pathway is 
typically larger at the point where the part meets the build plate [18]. 
This is in comparison to the top of the build which is typically sur
rounded by unsintered powder and smaller amounts of sintered mate
rial. Large stresses must be alleviated through optimisation of the part 
geometry or build parameters [19,20] or through post-processing 
methods such as heat treatment. Untreated build-up of internal resid
ual stresses will also hinder macro-scale properties, as Leuders et al. [21] 
suggest that residual stresses have a large impact on the growth of fa
tigue cracks. Bartlett et al. [22] presents an additional review of the 
impact of residual stresses on the macroscale part quality. While there is 
extensive literature on residual stresses developed through the L-PBF 
processes, it is critical to further understand the impact of these stresses 
in the metal powders developed through both the powder atomisation 
methods and by thermal cycles from powder reuse. Developing this 
understanding can provide greater confidence in the final part proper
ties and methods to restore the powder quality after multiple reuse 
cycles. 

The growth of precipitate phases and powder oxidation are addi
tional considerations that should be monitored in the quality control of 
powder atomisation and in the as-built AM parts. While the volume 
fraction of oxides and precipitate phases are generally low, less than 2 % 
by weight, they can have a severe impact on the strength and fracture 
toughness of finished parts [23,24]. It is therefore critical to quantify 
how the concentration, grain size, and lattice strains of these materials 
are influenced by production parameters, to ensure the production of 
reliable components. In order to minimise oxide build up during AM, 
argon is used to flood the chamber during production. Despite using this 
approach, low levels of oxygen typically remain during the fabrication 
process which form oxides within the completed part and the 
heat-affected powder neighbouring the melt pool [25]. Isolating this 
powder from unaffected material is challenging, and therefore this 
heat-affected material is typically combined with the rest of the feed
stock for use in subsequent printing. This ultimately limits the number of 
times a powder can be used before the mechanical performance of the 
resulting part degrades to an unacceptable level [8]. For this reason, 
improved understanding of the oxide and precipitate growth rates of 
both aluminium and titanium alloy powders are required at the tem
peratures present in these heat effected zones. 

This paper focuses on four powders for L-PBF applications including 
titanium, nickel, and aluminium based alloys. Ti-6Al-4 V (Ti64) is a ti
tanium based alloy whose widespread use is a result of its high specific 
strength, good fracture toughness, and corrosion resistance [4], which 
tailors it for performance components as well as medical and dental 
applications [17]. Alternatively, the lightweight nature and thermal 
properties of nickel and aluminium based alloys make it suitable for 
aerospace and automotive applications [17]. Ni718 is a nickel-based 
aerospace grade superalloy that is used for critical components such as 
turbine blade discs and compressor blades [17] as a result of its ability to 
maintain its strength and corrosion resistance at high temperatures [26]. 
Finally, Scalmalloy and AlSi10Mg are aluminium based alloys used for 
their good specific strength properties and manufacturability, allowing 
for easier post-processing [27]. 

In this study, synchrotron X-ray powder diffraction (XRD) is per
formed at room temperature and during in-situ heating to provide 
crucial insights into growth rates and distribution of precipitates and 
oxides as a function of temperature. Additionally, the XRD patterns will 
offer a better understanding on the internal stresses that are a result of 
the powder fabrication process, and how these stresses develop and 
behave at increasing temperatures. Through investigating Ti-6Al-4 V, 
Ni718, Scalmalloy, and AlSi10Mg powders, these results will facilitate 
the optimisation of production parameters and provide the critical in
sights required to maximise powder reuse while conserving mechanical 
performance over extended periods of time and reuse cycles. 

2. Material and methods 

2.1. Materials and sample preparation 

A range of metal powders commonly used in AM were supplied by 
Carpenter Technology (Liverpool, United Kingdom). Following pro
duction, sieve analysis is performed on the powders by this manufac
turer to ensure that powders only within the desired range (30–60 µm in 
diameter) are distributed for use. Tables 1–4 detail the chemical 
composition of the four materials, as specified by Carpenter Technology 
[28–31]. Example images of the morphologies of these powders are also 
available on the datasheets linked in these references. The powders were 
produced through a specification gas atomisation, and one additional 
sample of Ti-6Al-4 V was produced through plasma wire atomisation for 
comparison. 

2.2. Synchrotron diffraction 

The synchrotron diffraction data collection was conducted using the 
Beamline I11 at Diamond Light Source in the United Kingdom [32]. The 
beamline uses Mythen sensors with a high angular resolution (0.004◦) to 
record diffraction patterns up to a rate of 1 kHz. This is significantly 
faster than the hours required from traditional or lab-based equipment 
[33]. The combined high energy, and high temporal resolution means 
that this approach has significant potential to improve existing under
standing of additively manufactured parts and powders [34,35]. Syn
chrotron diffraction is an analytical method of using incident energy 
radiation to measure characteristic diffraction patterns to determine the 
crystalline structure of a specimen. These patterns are a result of 
constructive interference which can be described by Bragg’s Law, λ =

2dsinθ, which relates the lattice planes spacing of the medium of interest 
to (d) to the scattering angle (2θ) via the wavelength of the incident 
X-rays (λ) [36]. By analysing the scattering angle using X-rays of known 
energy, it is possible to quantify the average lattice spacing between 
planes in polycrystalline materials, which is a direct measure of strain 
(and thereby stress) in the powders. 

Synchrotron facilities provide crucial opportunities to gain key in
sights into the structural characteristics of materials without the need for 
destructive testing of parts. While XRD has been used in a wide variety of 
applications [37–39], the properties of synchrotron radiation mean that 
it has increasingly become beneficial in the characterisation of AM parts 
and the constituent powder. In particular, the high energies of syn
chrotron sources can be used to probe heavier elements such as those 
used in metal AM [40], the detectors within these facilities provide 
greater angular resolution (and thereby provide more precise strain 
estimates) [33] and in-situ analysis can be performed due to the high 
frame rates that can be achieved (up to 700 Hz) [33]. There are also 
added benefits in being able to perform transmission mode XRD and 
record accurate measurements at elevated temperatures [40,41]. The 
purpose of this study is to exploit the latter of these benefits, in order to 
provide insight into the high temperature characteristics of AM pow
ders, during in-situ heating in order to better understand stress evolution 
and phase growth. 
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2.3. Experimental setup 

This experiment focused on four commercially available, commonly 
used AM powders composed of 30–60 µm diameter particles. Synchro
tron X-ray powder diffraction was used to determine the crystal struc
ture of the powders at the I11 beamline at Diamond Light Source, UK. 
Beamline I11 generates synchrotron radiation via an in-vacuum undu
lator (U22) inside the main electron storage ring to produce an X-ray 
beam with an energy range of 5–30 keV, with a peak flux at 15 keV [32]. 
Energy selection for the experiment was performed by varying the 
incident wavelength and maximising the scattered signal. This analysis 
demonstrated that despite a minor increase in transmission length at 
higher energies, the reduction of incident flux resulted in an overall 
reduction in scattered signal. For this reason, a 15 keV monochromatic 
beam with a wavelength of 0.82644 Å, was used throughout the 
experiment, which led to patterns with maximum peak intensities of 
over 100,000 counts for all samples. Calibration of the synchrotron ra
diation and sample to detector distance was completed using a silicon 
sample (SRM 640c, US-NIST). This also provided a quantitative value for 
the zero point (0.00162(2)◦) which is the offset between the detector 
motor reading and the true value of direct beam, which was subse
quently corrected for in all of the data collected. Instrument broadening 
was determined from this diffraction pattern and was corrected via the 
use of the XRD processing package DAWN [42]. A beam size of 
0.75 × 1 mm (vertical × horizontal) was selected to ensure complete 
illumination of the samples. The rapid cooling associated with the pro
duction of these particles ensures that 30–60 µm spherical particles are 
nanocrystalline, which means that 1011 particles or 1022 grains were 
nominally illuminated in each sample. 

The powder samples were loaded in 0.5 mm diameter capillaries 

made of quartz and were transferred from a carousel to the capillary 
spinner on the diffractometer using a robotic arm. A magnetic capillary 
mount was used to ensure that the sample and calibrants were mounted 
to nominally the same position (within a few microns). This process 
ensured the samples are placed consistently relative to the beam 
compared to the Si calibration sample. Time resolved XRD patterns were 
recorded using the wide-angle position sensitive detector (PSD). The 
PSD has an aperture of 90◦, therefore the diffraction data was measured 
from 0◦ to 90◦ (2θ) with an angular resolution of 0.004◦. Optimisation of 
the exposure time was performed to obtain diffraction patterns with 
signal intensity sufficient to reliably fit the diffraction peaks, which was 
found to be 60 min per sample. The PSD comprises of Mythen-2 silicone 
μ-strip modules mounted on the δ-circle, which acts around a central 
axis horizontally and perpendicular to the incident beam as shown in  
Fig. 1. High resolution measurements were also recorded using 5 multi- 
analysing crystal (MAC) devices. Further information on the technical 
operation is provided by the I11 beamline facility website [43]. 

High quality x-ray diffraction patterns of the samples were recorded 
at both room temperature (RT) and high temperatures (HT). RT powder 
characterisation was collected on the samples specified in Table 5 for an 
hour using the MAC detectors to exploit the higher angular resolution of 
this arrangement (1 × 10-5 ◦). 1D intensity vs 2θ diffraction patterns 

Table 1 
Chemical composition of Ti-6Al-4 V (mass percent, %) (Carpenter Technology, Liverpool, United Kingdom) [28].  

Ti Al V Fe O C N H Y 

Balance 5.50–6.50 3.50–4.50 < 0.25 < 0.13 < 0.08 < 0.03 < 0.0125 < 0.005  

Table 2 
Chemical composition of Ni718 (mass percent, %) (Carpenter Technology, Liverpool, United Kingdom) [29].  

Fe Cr Mo Co Si Cu Ni P B 

Balance 17.0–21.0 2.80–3.30 1.00 < 0.35 < 0.30 < 0.03 < 0.015 < 0.006  

Ni Nb Ti Al Mn C O S  

50.00–55.00 4.75–5.50 0.65–1.15 0.20–0.80 < 0.35 < 0.08 < 0.03 < 0.015   

Table 3 
Chemical composition of AlSi10Mg (mass percent, %) (Carpenter Technology, 
Liverpool, United Kingdom) [30].  

Al Fe Sn O Cu N Sc 

Balance < 0.55 0.20–0.45 < 0.10 < 0.05 < 0.05  0.05  

Si Mn Ti Pb Ni Zn  

9.00–11.00 < 0.45 0.15 < 0.10 < 0.05 < 0.05    

Table 4 
Chemical composition of Scalmalloy (mass percent, %) (Carpenter Technology, 
Liverpool, United Kingdom) [31].  

Al Mg Zr Si Ti O 

Balance 0.60–0.88 0.20–0.50 < 0.40 0.15 < 0.05  

Sn Mn Fe Pb Cu  

4.00–5.10 0.30–0.80 < 0.40 < 0.25 < 0.10   

Fig. 1. XRD experimental setup of the I11 beamline at the Diamond Light 
Source [43]. 
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were collected in the 2θ range from 5◦ to 95◦. A decision was made to use 
the PSD was selected for the remaining HT-XRD due to the substantially 
longer exposure times associated with the MAC detectors (1 h vs 5 mins 
for the PSD). The reduced exposure times of the PSD ensured that the 
transient effect of heating and holding the powder at temperature were 
minimised in the diffraction patterns, at the cost of reduced angular 
resolution (0.004◦). 

For HT characterisation, the Cyberstar hot air blower (Cyberstar, 
Grenoble, France) was mounted onto the XYZ table and the low-pressure 
gas cell was used to evacuate the capillaries. Calibration of the hot air 
blower was performed using a platinum sample (99.95 % pure 45 µm 
diameter powder from Goodfellow). X-ray diffraction patterns were 
collected from this sample at room temperature and by setting the air 
blower to four temperature increments from 200 ◦C to 800 ◦C (20 min, 
exposure time). The thermal expansion characteristics of Pt have been 
precisely determined [44] and therefore, by fitting these patterns and 
determining the corresponding lattice spacings, precise estimates of the 
sample temperature could be determined for each air blower set point. 
The differences between the set hot air blower temperature and the 
sample temperature were then subsequently used to calibrate the system 
and ensure the sample temperatures applied throughout the HT char
acterisation were precise and reliable. 

For this experiment, the samples were heated from room tempera
ture at a rate of 10 ◦C/min and were subsequently held at the holding 
temperatures specified in Table 6 for 30 min each. After the initial hold 
temperatures, the heating process at a rate of 12 ◦C/min leading into the 
final hold temperature was recorded. In-situ heating of the powder 
samples while collecting XRD patterns was performed to monitor 
structural changes as a function of time. Although capillary spinning is 
not possible in this configuration, sample rocking over ± 5◦ was per
formed to improve averaging. The high temperature synchrotron XRD 
was performed from 2θ angles of 5–75◦. Between each sample, dark field 
correction was performed by collecting patterns with the shutter closed, 
and flat field correction was implemented by collecting patterns of an 
empty capillary. The temperature ranges in Table 6 were chosen to 
simulate the heat affected zones present in unsintered powder near the 
laser of each of these materials. For titanium and nickel powders this 
temperature can reach up to 700 ◦C [45,46], however in general 500 ◦C 
is the maximum value achieved for aluminium alloys [47]. It should be 
noted that a higher starting temperature was selected for the titanium 
alloy (200 ◦C) due to its increased resistance to oxidation at these 
relatively low temperatures [48]. 

2.4. Data processing 

Structural analysis of the XRD patterns was completed using the 
rietveld refinement method [49] on TOPAS [50]. To fit the analytical 

structure to the collected XRD patterns, constituent phases of the AM 
powder were identified by comparing the characteristic diffraction 
patterns to various online databases (including the Crystallography 
Open Database (COD) [51–53] and Inorganic Crystal Structure Database 
(ICSD)). With the input structure of the present phases of each material 
sample, Rietveld refinement was used to gain quantitative information 
on the powder samples at each temperature. This provided the lattice 
parameters and relative weighting of each phase to be identified. Riet
veld refinements work by using the least squares method to match the 
structural intensity, point-by-point, to the collected XRD data [54]. This 
entailed refining specific properties including a background fit (char
acteristic to the radiation and instrument), material radiation absorp
tion, crystal lattice geometry and parameters, constituent phase weight 
percentage, and crystal lattice strain. The datasets at each temperature 
were refined sequentially, first by obtaining an adequate fit for the first 
timestep of each temperature dataset, and then refining the structure for 
following timesteps based on the previous refined crystal structure. This 
provided information on how the crystal structure and size, phase 
microstrain, and phase weight percentage developed over time for each 
sample. 

In this experiment, detailed Rietveld refinement was initially 
completed at room temperature and then used as the baseline structural 
parameters for the further sequential analysis at the specified elevated 
hold temperatures. Evolution of the lattice spacing can be used to 
quantify thermal expansion properties, as thermal excitation leads to 
changes in spacing between crystallite planes that can be quantified via 
XRD [55–57]. This measure can also be used to probe along with lattice 
strain and the corresponding relaxation typically observed at higher 
temperatures. The phases present within the powder material are also 
provided by matching the peaks in the XRD data to known crystal 
structures. By identifying these peaks, the material phases present in the 
sample were confirmed and therefore used throughout the sequential 
refinement to evaluate the evolution of precipitate phase weight per
centages as the sample was held at specified temperatures over time. 
Structural refinement method also provided a weighted residual per
centage for any given dataset which quantifies how close the analytical 
structure matches the sample synchrotron data. Each structural fit was 
accepted based on its goodness of fit (GoF), which is a ratio of the ex
pected residual value to the weighted residual value of the pattern. In
dividual refinement data was only accepted with GoF values of 5 or 
below. Due to the high precision of the diffraction data and the large 
number of refinements, this value was higher for some of the high 
temperature sequential refinements. Confidence intervals for each of the 
fitted values were obtained from the refinement process, and error bars 
equal to the standard deviation have been included in all plots. 

3. Results and discussion 

3.1. Room temperature analysis 

Room temperature analysis of the powder samples was conducted to 
gain both a baseline of the constituent phases in the four materials, and 
to compare atomisation methods in the production of Ti64 powder. 
Room temperature synchrotron XRD patterns were collected for the Ti64 
that had been produced by both gas atomisation and plasma wire 
atomisation. While gas atomisation is more common due to its cost and 
speed, the precision and quality of powder made by plasma wire 
atomisation can be seen to be better in terms of its particle sphericity and 
volume consistency [13,17]. Additionally, the gas atomised samples had 
a higher induced thermal strain during its production than the plasma 
wire atomisation samples as a result of less uniform rapid cooling of the 
powder [8,10,58]. 

The XRD patterns of both GA and PA room temperature samples of 
Ti64 indicate thermal strain, which are most clearly shown at low 
scattering angles (Fig. 2). This phenomenon is present across the entire 
spectra but the angular shift caused by the same amount of lattice strain 

Table 5 
RT AM Powders.  

# Metal Atomisation Method 

1 Ti-6Al-4 V Gas atomised 
2 Plasma wire 
3 Ni718 As produced 
4 AlSi10Mg Gas atomised 
5 Scalmalloy Gas atomised  

Table 6 
Temperature of HT studies.  

Sample 
# Hold Temperature (℃) 

Ramp 
Temperature (℃)  

1  200  300  400  500  600 700 – 200–700  
3  100  200  300  400  500 600 700 100–700  
4  100  200  300  400  500 – – 100–500  
5  100  200  300  400  500 – – 100–500  

M.D.A. Valentine et al.                                                                                                                                                                                                                        



Materials Today Communications 35 (2023) 105900

5

is larger at smaller scattering angles, so is most visible in the first few 
peaks. The first and third peaks of the α titanium phase ({001} and 
{101} at roughly 18.8◦ and 21.4◦ respectively) demonstrate broad peaks 
and peak splitting in both samples; however, it is much more pro
nounced in the gas atomised sample. This is an indicator of two distinct 
stress states and lattice spacings present in the powder particles. It is 
important to note that reduced peak splitting is observed in the {002} 
peak at approximately 20.5◦. This difference arises from the high 
anisotropic crystalline stiffness within the alpha phase Ti64, which is 
known to resist deformation in this Miller index direction [59]. 

The origin of this difference can be explained by the production 
process. The atomisation forms a spherical particle of molten metal. The 
solidification front starts on the edge of the sphere and moves towards 
the centre. This leads to the outer shell solidifying first, and subse
quently being pulled inwards by the cooling and shrinking inner core. 
This puts the outer surface into compression and the core into tension 
[60], as illustrated in Fig. 3. Albu et al., 2020 also found that this 
presence of well-defined peak splitting, as is seen in the first and third 
peak of the GA sample (Fig. 2), may be evidence of the high cooling rate 
of the powder during production [61]. This effect is exaggerated with 
materials that have a higher thermal expansion coefficient and when the 
atomisation method produces larger powder particle volumes, as can be 
the case in gas atomisation [16]. 

3.2. Ti-6Al-4V 

3.2.1. Phase characterisation 
Ti-6Al-4 V (Ti64) is a two-phase alloy containing an α and β titanium 

phase. At lower temperatures, the α phase is more prominent, and the 
mix of the two becomes prominent and measurable as the temperature 
increases [62]. Pederson et al. (2003) found evidence of phase trans
formation at 710 ◦C, with the phase content decreasing to unobservable 
levels at hold temperatures of 795 ◦C and 900 ◦C. The α phase is a 
hexagonal lattice structure (P63/mmc space group) with lattice con
stants a= 2.917260 Å and c= 4.661800 Å. The β phase was not observed 
in the initial XRD scans and is typically not found in virgin Ti64 powder. 
However, with increased powder reuse involving rapid cooling in the 

build chamber, Montelione et al. (2020) found that it will form in be
tween the grains of the martensitic α phase [12]. The synchrotron XRD 
pattern at room temperature for this alloy is shown in Fig. 4 and was 
used to confirm the phase composition of this powder sample, where 
only peaks of the α phase can be identified. It should be noted that in 
order to achieve effective refinement and fitting of the diffraction 
pattern, two different alpha phases were required, one which was alpha 
phase in with an increase in lattice spacing (Ti(1)) and the other which 
was alpha phase with a reduction in lattice spacing (Ti(2)). As outlined 
in detail above, this is associated with the peak splitting and two distinct 
stress states within the powder. The peaks in Fig. 4 are labelled with 
their corresponding phase and reflection plane. 

Fig. 5 shows the observed synchrotron XRD patterns at each of the 
hold temperatures recorded for this sample. At all temperatures, the α 
phase remains the dominant phase with very as has previously been 
observed in the literature [63]. However, at 700 ◦C the growth of a new 
phase can be observed, as outlined in more detail in Section 3.2.3. 

3.2.2. Thermal expansion and stress relaxation 
As the powder sample is heated up, the crystal structure expands as 

evidenced by the increasing lattice parameters in Fig. 6. This corre
sponds to the XRD peaks shifting towards lower 2θ angles in Fig. 5. At 
low temperatures (below 500 ◦C), as expected, the lattice parameters 
increase linearly with respect to the temperature increase (≈ 6 ×10-5 ◦C- 

1 and ≈ 1 ×10-4 ◦C-1 for the a and c lattice parameters respectively). 
However, in the Ti64 sample, as the temperature increases beyond 
500–600 ◦C, the trend deviates from this linear behaviour demon
strating that an additional structural change has occurred. 

A possible explanation of this shift is a result of stress relaxation in 
the powder grains, as the elevated temperature allows for thermal 
stresses in the production method to be relieved. While thermal 
expansion is one explanation of peak shifting, another is strained crys
tallite grains. When an entire sample has strained particles or grains, it 
will shift the diffraction peaks from the location corresponding to the 
unstrained lattice parameter. Therefore, as the sample reaches adequate 
temperatures to relieve the internal stress, the peaks will trend back 
towards their initial unstrained positions (Fig. 6) [40]. It is important to 
highlight that in general heating of samples can also lead to peak shift 
due to diffusion and chemical composition changes, however the pro
duction processes used within these samples have been intentionally 
designed to provide a homogenous elemental composition, so this effect 
is unlikely to be an influential factor. 

The Ti64 as-processed powder showed large degrees of peak splitting 
(Fig. 5), which is evidence of high levels of lattice strain in the sample. 
Therefore, to visualise the evolution of peak splitting as the sample was 
heated, the refinement pattern was fitted with a structure that accounted 
for peak splitting by modelling single peaks as two constituent peaks. 
The lattice parameters with two split peaks of the same alpha phase are 
shown in Fig. 6. At low temperatures, the difference in lattice parameter 

Fig. 2. XRD pattern of Ti64 sample produced through gas atomisation and 
plasma wire atomisation. 

Fig. 3. Internal stress development of atomised metal powder grains.  Fig. 4. Full room temperature XRD pattern of gas atomised Ti64.  
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for this phase is a result of strain induced peak splitting. As the tem
perature was beyond 500 ◦C, the peak locations converged, suggesting a 
lower degree of lattice strain as the peak splitting is eliminated. Fig. 6 
also highlights that the differences between the alpha phase in tension Ti 
(1) and alpha phase in compression Ti(2) are more pronounced for the a 
lattice spacing than for the c. This is a direct result of the anisotropic 
crystalline stiffness of Ti64 [59], in which the stiffness of the unit cell in 
the c direction is substantially higher than in the a direction. Accord
ingly, for the same applied stress, the change in lattice spacing is higher 
in the a direction than in the c. This also directly corresponds to the 
reduced peak splitting observed on the {002} peak (oriented along the c 
axis), when compared to the peak splitting observed in the {100} di
rection (oriented along the a axis). 

The peak width can also be used to infer the strain of the powder 
grains. The principal benefit of this measure of strain is that it is 

independent of temperature, meaning that it can be used to directly 
compare strain relief without the need to know the precise thermal 
expansion of the lattice which is typically unknown a priori (as in this 
case). Accordingly, it has found widespread use as a quantitative mea
sure to infer strain changes in thermal XRD studies in the past [64–66].  
Fig. 7 shows the trend of the microstrain broadening with increasing 
temperature from the HT-XRD structural refinements. Microstrain 
broadening is a parameter that is obtained from peak fitting and rep
resents the distortion or lattice strain within the crystallites being 
characterised [64–66]. It has a maximum value of 10,000 nm and a 
minimum value of 0 nm which indicate highly distorted (strained) and 

Fig. 5. Full (left) and low angle (right) XRD patterns from 200 ◦C to 700 ◦C of Ti64 sample.  

Fig. 6. Lattice parameter expansion of Ti64 showing strain relief.  

Fig. 7. Microstrain broadening of Ti64 powder.  
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perfectly undistorted (unstrained) crystallites within the gauge volume, 
respectively. As the peak splitting reduced and the peak locations 
trended to their unstrained positions, the microstrain broadening (and 
shape of the peaks narrowed) which is indicative of lattice strain relief. 

3.2.3. Oxide growth 
Although performed in an inert atmosphere, there are potential signs 

of oxidation in the diffraction patterns at high temperatures. This oxy
gen is likely trapped in the particles during production or via trace 
amounts in the inert atmosphere, however oxidation growth is some
thing that should be avoided and eliminated where possible. Fig. 8 
shows the synchrotron HT-XRD as the powder is heated from room 
temperature up to 700 ◦C. Along with the peak shifting and decreasing 
peak widths, there is an additional peak that grows at roughly 2θ= 21◦

that appears between 600 ◦C and 700 ◦C. As the powder is held at 
700 ◦C, it continues to grow. According to analysis by Malinov et al. 
[40], this peak may be a result of the α phase oxidising at the surface of 
the powder grains. Although this is a potential response, it should be 
noted that there is a chance that this peak may also correspond with the 
growth of the β{110} peak [10,40]. A further focused study on this 
phenomenon would be required to distinguish between the two origins 
of this effect, which goes beyond the focus of this present study. 
Accordingly, the low weight concentrations of these elements meant 
that fitting could be performed with either phase, but with a low level of 
confidence. The lack of confidence in this result has meant that it has not 
been reported here, but in either case, the growth of this phase is 
detrimental to part mechanical performance and therefore should be 
avoided where possible. 

3.3. Ni718 

3.3.1. Phase characterisation and transformation 
Ni718 is a superalloy that has a large range of applications due to its 

favourable physical properties arising from the mixed constituent pha
ses within the alloy. Ni718 is a mix of γ and γ’’ phases, with the γ’’ phase 
allowing for the strength hardening of the bulk material. However, at 
high temperatures, the γ’’ phase tends to dissolve into the δ phase pre
cipitate, which has been found to lower the bulk material’s ductility and 
reduce overall mechanical response [67]. The room temperature syn
chrotron XRD patterns of the Ni718 sample in Fig. 9 shows the main γ 
phase as the dominant peaks. The refinement results showed evidence of 
the secondary γ’’ phase increasing in weight percentage from 400 ◦C 
and above, increasing from 10 % ( ± 0.5 %) at 100 ◦C up to 20 % ( ± 5 
%) at 500 ◦C. However, this phase shift is difficult to see in the full 
diffraction pattern due to the prominence of the base γ phase. The base γ 
phase has a cubic lattice structure with space group Fm-3 m and lattice 
constant a= 3.601352 Å at room temperature. As the sample is heated 
in-situ, further phase transformation occurs from the γ’’ dissolving into 
the δ precipitate from 500 ◦C. 

3.3.2. Thermal expansion and stress relaxation 
In the case of Ni718 it can be seen that there is significant asymmetry 

in the shape of the diffraction peaks at lower temperatures (Fig. 10). This 
is indicative of the residual stress/strain within the particles that have 
been induced by the production process, as has been observed widely in 
the literature [68–70]. Peak asymmetry is indicative of the relative 
magnitude and volumes of stress within the gauge volume, which are 
indicated by two distinct features. The magnitude of stress / strain is 
associated with the shift of one side of the peak away from the un
strained peak centre, whereas the volume of material at a particular 
stress state is associated with the peak intensity at this location. These 
two factors can be combined together to provide a compatible stress 
state which generates an asymmetric peak. In this case, the tail observed 
to the left of the peak suggests that there is a high magnitude tensile 
stress present within a smaller number of grains (large shift, low in
tensity), which are balanced by a lower magnitude compressive stress in 
a larger number of grains (small shift, large intensity). The peak asym
metry factor [71] of 1.47 at room temperature reduces but remains at 
1.19 at 700 ◦C suggesting that complete stress relief is not achieved via 
annealing even at these temperatures. 

Peak shifting of the γ phase peak centres is also induced via thermal 
expansion, and this shift is linear until roughly 400 ◦C, at a rate of 
2.6 × 10-3 Å3 ◦C-1. Fig. 11 illustrates where the deviation from the linear 
trend occurs, as the lattice strain is partially relaxed. Despite the large 
initial offset from the trend at 500 ◦C, it can be seen that a line with 
identical gradient but offset from the initial linear relationship, fits the 
data within the confidence limits obtained. This type of offset is char
acteristic of annealing and strain relaxation within the cell [72,73]. 
Unlike other materials, the low thermal conductivity and high temper
ature mechanical performance of Ni718 means the material must be 
held at a high temperature for an extended period to fully relieve the 
lattice strain. 

3.4. AlSi10Mg 

3.4.1. Phase characterisation 
AlSi10Mg is comprised of two main phases; the dominant phase is 

α-Al into which fine fibrous Si is precipitated [61,74,75]. At room 
temperature the α-Al has a cubic lattice structure with space group of 
Fm-3 m where a = 4.045659 Å and the Si phase is also cubic with a 
space group of Fd-3 m and a = 5.436229 Å. Fig. 12 shows the room 
temperature synchrotron XRD pattern of the powder with the phase 
peaks labelled. Fig. 13 shows the synchrotron XRD patterns as the ma
terial is heated from 100 ◦C to 500 ◦C. At room temperature, the ma
terial consists of 7.58 % Si phase, demonstrating that the rapid 
quenching of the particles did not allow sufficient time for alpha phase 
precipitation to the nominal percentage expected at this hypoeutectic 
weight percentage (31.1 %). As the system reaches 500 ◦C, and gets 
close to the eutectic temperature of this system (575 ◦C) diffusion effects Fig. 8. Low angle diffraction pattern of in-situ heating of Ti64.  

Fig. 9. Room temperature XRD pattern of Ni718.  
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become sufficient to facilitate growth of the alpha phase (towards 31.1 
%), with the nominal percentage found to be 13.65 %. This is clearly 
shown in the narrowing and intensity growth of the {111} and {022} 
reflections of the Si phase in Fig. 13b. 

3.4.2. Thermal expansion and stress relaxation 
The thermal expansion of aluminium based alloys is evident in the 

peak shifting. Additionally, much like the Ni718 powder samples, at low 
temperatures the peaks have a distinctive tail to the low 2θ angle side of 
the peaks. The characteristic thermal properties of aluminium mean this 

stress induced asymmetry is relieved at lower temperatures, however 
this is difficult to see through changes to the linear trend in thermal 
expansion (Fig. 14). These thermal properties also form the basis of the 
degree of peak shifting in the synchrotron XRD patterns. The peaks 
narrow as the sample increases in temperature, demonstrating that re
sidual stresses from the atomisation process are being relieved at higher 
temperatures. (Fig. 15). 

3.5. Scalmalloy 

3.5.1. Phase characterisation 
Although the chemical composition of Scallmalloy is similar to 

Fig. 10. Full (left) and low angle (right) XRD patterns of Ni718 at hold temperatures from 100 ◦C to 700 ◦C. Peak asymmetry is observed due to the residual strains 
within the powders. 

Fig. 11. Lattice cell volume of main Ni718 phase as hold temperatures 
are increased. 

Fig. 12. Full room temperature XRD pattern of AlSi10Mg.  
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AlSi10Mg, the microstructure does not contain any Si precipitates 
(Fig. 16). At room temperature, the α-Al phase has the same cubic Fm- 
3 m lattice structure as AlSi10Mg above, however the lattice is larger, 
a = 4.057605 Å. There are no signs of oxidation or phase changes 
through the 500 ◦C temperature range measured of this material. While 
aluminium alloys have a propensity towards oxidation and forming 
Al2O3 on the surface would not be unsurprising, it is not evident in the 
Scalmalloy sample. Cordova et al. demonstrated this after three reuse 
cycles, the Scalmalloy powder still has a low oxygen ratio and it keeps its 
purity due to the stabilising elements present [8]. 

3.5.2. Thermal expansion and stress relaxation 
The production of this sample left with high residual strains, as 

shown by the large degrees of asymmetry at low temperatures (Fig. 16). 
Unlike Ni718, however, this asymmetry is greatly reduced as the ma
terial is heated. The thermal expansion follows a linear trend up until 
300 ◦C, where the peaks can also be seen to trend towards a more 
symmetrical shape in Fig. 16. As the lattice expands and the peaks shift 
towards lower angles, the asymmetry trending towards uniformly sha
ped peaks is illustrating the stress relief in the lattice. Until this point at 
300 ◦C, the coefficient of thermal expansion is approximately 1.70 × 10- 

4 ◦C-1 (Fig. 17). 

Fig. 13. Full (left) and low angle (right) XRD pattern of AlSi10Mg at each hold temperature from 100 ◦C to 500 ◦C.  

Fig. 14. Lattice parameter expansion as hold temperatures of AlSi10Mg 
are increased. 

Fig. 15. Full room temperature XRD pattern of Scalmalloy.  
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3.6. Discussion 

The results presented provide insights into the mechanical properties 
of the most used materials in L-PBF AM at the powder scale, and are 
summarised in Fig. 18. In general red has been used to indicate factors 

which have a negative response on part performance. For example, for 
Ti64 this figure indicates that heating the particles above 500 ◦C is 
sufficient to relieve strain in the samples, but that holds at temperatures 
above 700 ◦C pose an oxidation risk. This suggests that the production 
process should be developed to ensure all particles remaining within the 
sample are heated above 500 ◦C, but that the time the sample is held 
above 700 ◦C should be minimised. This information is likely to be 
useful in the selection of annealing temperatures, but are aware that a 
large number of other factors need to be considered when determining 
optimal annealing programs. 

Fig. 18 demonstrates that phase transformation is not a large factor 
at this scale for L-PBF for any materials. This is likely due to design of 
these high-quality AM alloys which are effective at maintaining the 
mechanical integrity of the powder after production. In contrast, each 
material has some magnitude of internal stress induced due to the gas 
atomisation powder production process. Mitigations for relieving the 
internal stresses include using production methods such as plasma wire 
atomisation that yield finer powder volumes, heating the build plate 
during the L-PBF process to reduce the temperature gradient through the 
build chamber, or heat treating the parts to reach the required tem
peratures to relieve the stress as illustrated in Fig. 18. However, these 
methods will require a balance to optimise to the desired final part 
properties. Kaufmann et al. (2016) found no significant effect on part 
cracking from residual stresses in aluminium alloys when pre-heating 
the build plate to 200 ◦C [76] while Ali et al. (2017) found a reduc
tion of residual stress in Ti64 by up to 70 % when pre-heating the build 
plate to 370 ◦C, 88 % at 470 ◦C, and no significant residual stress when 
the build plate was heated to 570 ◦C [77]. It is important to note that 
while any heat treatment on the constituent powder will reduce the 
residual stresses on the powder particles as specified in this study, the 
impact that any initial internal stress in the constituent powder has on 
the final part quality should be investigated further. The timescales at 
high temperatures investigated in this research were also longer than the 
powder in a build chamber would be exposed to elevated temperatures. 
While there were no significant changes to the powder structure at the 
hold temperatures, any effects of additional strain relief would be un
likely to occur during the build process. The samples that showed evo
lution in strain relief at a specific hold temperature were Ti64 at 500 ◦C 
and 600 ◦C, AlSi10Mg at 300 ◦C, and Scalmalloy at 300 ◦C. Despite the 
extended hold times compared to a typical AM build cycle, these data 
can be representative of the general response of the material powder. 
Despite being similar in nature, the temperatures, processing parame
ters, mechanical properties and thermal characteristics of the alloys 
under consideration mean that the fabrication processes for are sub
stantially different. The exact nature of these processes are not publicly 
available due to the extensive investment required to optimise the 
routines (and associated IP). However, the magnitude and distribution 
of strain within the particles is a function of melting temperature (or ΔT 
to room temperature), thermal expansion coefficient, Young’s modulus 
and thermal conductivity which are substantially different for all of the 
alloys examined in this study. This means that the magnitude and dis
tribution of strain, and associated peak shapes are expected to vary 
substantially from one alloy to another, as observed experimentally. 

Oxidation is still an issue at high temperatures and is difficult to 
avoid in L-PBF manufacturing, and has potentially two origins – oxides 
present within the pre-sintered powder or the incomplete removal of 
oxygen from the atmosphere within the chamber. Although signs of 
oxidised α phase were only seen in Ti64 and AlSi10Mg through the 
analysis in this study, the presence of surface oxides is still a key 
consideration in any L-PBF processes with materials reaching elevated 
temperatures. Simonelli et al. (2015) found selective surface oxidation 
in AlSi10Mg, but no traces of oxidation in the bulk material micro
structure in this alloy or in Ti64 [78]. As indicated by Grell et al. (2016), 
limiting oxidation in the final parts is key for structural integrity, as an 
increase of powder oxygen mass fraction from 0.11 % to 0.53 % was 
related to reduced impact toughness by a factor of up to 16 times [79]. 

Fig. 16. Full (left) and low angle (right) XRD patterns of Scalmalloy sample at 
hold temperatures from 100 ◦C to 500 ◦C. 

Fig. 17. Expansion of main α-Al phase lattice parameter at hold temperatures 
from 100 ◦C to 500 ◦C. 

Fig. 18. Summary of effects related to temperature identified in this study, in 
general red regions refer to behaviour which has a negative response on part 
performance. 
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While it was difficult to confirm the presence of oxidation, the charac
teristics found through this study in Ti64 and AlSi10Mg indicate that 
further investigation through additional techniques could provide 
insight in whether the powder production methods can lead to oxidised 
powder. Methods such as Scanning Electron Microscopy (SEM) could 
show the quality of the powder, and either confirm the quality for use or 
show which atomisation methods need further controls to eliminate the 
presence of oxides, although this was deemed beyond the scope of the 
present manuscript. 

Awareness of how thermal cycles may impact powder properties may 
be especially relevant for monitoring part quality with increased powder 
reuse. During the L-PBF process, powder close to the laser source that is 
not being sintered may still reach temperatures near to its melting point, 
without any sintering, and therefore will still be small enough to be 
reused multiple times. This is especially critical for Ni718 or AlSi10Mg as 
the findings from this study show that there is approximately a 100 ◦C of 
temperature window between full internal strain relief in the powder 
grains and changing the mechanical properties through phase changes 
or oxidation in the case of the aluminium-based alloy. While the 
elevated temperatures required for melting will typically alleviate any 
induced internal strains in the powder, it is still important to consider 
the unsintered powder in these processes due to any partially sintered 
particles that are typically found on the surface of untreated builds. 
These unsintered powders could potentially lead to the propagation of 
fatigue cracks, as stress concentrations are typically located on the 
surface of components. Yi et al. (2021) showed the drop-off in the final 
part yield strength and elongation at break of Ni716 after at least 6 reuse 
cycles, with further reduction of strength after 14 cycles. However, there 
is no impact to the tensile strength of any of the final parts with multiple 
reuse cycles [80]. Additionally, Li et al. (2016) have shown a similar 
decrease in tensile strength of AlSi10Mg as-built specimens that have 
been heat treated at 550 ◦C for 2 h by approximately 250 MPa, however, 
the fracture strain after this treatment is increased by a factor of almost 5 
times [81]. This is likely an effect of the phase change of the material 
which is also seen in the powder at a temperature above 500 ◦C. With 
their careful atmospheric control in combination with the increase in 
fracture strain of the heat-treated parts, there is unlikely to be any 
oxidation of the as-built part during this heat treatment process in the 
work by Li et al. (2016). It is therefore important for the final part 
quality to keep the constituent powder below critical temperatures that 
would lead to unwanted phase changes or oxidation and exposing 
powder to elevated temperatures to relieve internal lattice strain. "These 
critical regions are summarised by the desired regions in green in 
Fig. 18." 

While the results from this experiment show that exposing the 
powder grains to high temperature can both relieve internal stresses and 
cause mechanical changes through phase shifts or oxidation, it is 
important to note that the conditions from this experiment are not 
wholly representative of traditional L-PBF conditions. One key differ
ence includes the duration the material was held at each of the elevated 
temperatures. In L-PBF processes, the laser induces heat in the powder, 
and it remains at an elevated temperature for an order of seconds to 
minutes, whereas these powder samples were held at high temperatures 
for up to 30–60 min. 

Future work related to this research will involve an investigation into 
different heat treatment methods on the microstructure of these AM 
powders, additional powder production methods in controlled atmo
spheric conditions, and complementary microscopy studies of these 
powders to gain a fuller understanding of the powder characteristics. 
These studies aim to help inform designers using additive manufacturing 
on the part quality from different conditions and to improve the pro
duction processes of AM powders to reduce the formation of precipitates 
and oxidisation. These results could form the basis of a new predictive 
functionality within the next generation of AM software, which is ur
gently required to maximise powder reuse and thereby minimise 
wastage, whilst conserving the mechanical integrity of AM parts. 

Finally, the use of the precipitate phase and oxide growth rates in at
mospheres containing differing oxygen levels would be vital information 
in order to prescribe the atmospheric conditions required for reliable 
manufacture and feedstock reuse. 

4. Conclusions 

The findings from this paper highlight key production parameters for 
metal AM powders for four commonly used metal alloys. Such insights 
are critically needed to increase part quality and consistency after 
powder atomisation or to reliably determine the number of times a 
powder can be reused without degradation of part performance. With 
powder use, it is important to avoid any powder defects such as un
wanted precipitation and phase changes, oxidation, or internal thermal 
stresses. Not only will these lead to potential inconsistent properties and 
defects in the powder, but this may compound to lead to potential build 
defects that lead to material wastage or part failure if undetected. 

However, with these results, it is important to recognise that these 
temperatures were held for up to 60 min, whereas in practical AM 
processes, extreme high temperatures will be reached for significantly 
less time. As discovered through this paper’s characterisation of AM 
powders, the Scalmalloy powder has the largest temperature range 
before the powder quality is impacted. This is due to the lower tem
perature required for strain relief and the minimal risk of worsening 
mechanical properties due to phase changes or oxidation. In materials 
with a lower thermal conductivity such as Ni718, the powder production 
methods and AM use due to powder reuse and build parameters are 
much more important as the lattice strain relief is more costly than in the 
aluminium-based alloys due to the lower required temperatures of 
roughly 300 ◦C which only need to be held for a shorter period of time 
versus the nickel alloys. This is also an important consideration in Ti64 
due to its high susceptibility to generate large internal strains in the 
atomisation process which will also require high temperatures to 
relieve. These factors combined all highlight the importance of care in 
the early stages of powder production. 
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