
International Journal of Machine Tools & Manufacture 176 (2022) 103887

Available online 29 April 2022
0890-6955/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Sinter formation during directed energy deposition of titanium 
alloy powders 

Lorna Sinclair a,b,**, Samuel J. Clark a,b, Yunhui Chen a,b,c, Sebastian Marussi a,b, 
Saurabh Shah a,b, Oxana V. Magdysyuk d, Robert C. Atwood d, Gavin J. Baxter e,f, Martyn Jones e, 
D. Graham McCartney g, Chu Lun Alex Leung a,b, Peter D. Lee a,b,* 

a Department of Mechanical Engineering, University College London, WC1E 7JE, UK 
b Research Complex at Harwell, Rutherford Appleton Laboratory, Harwell, Didcot, OX11 0FA, UK 
c X-ray Science Division, Argonne National Laboratory, Lemont, IL, 60439, USA 
d Diamond Light Source Ltd, Harwell Campus, Didcot, OX11 0DE, UK 
e Rolls-Royce Plc, PO Box 31, Derby, Derbyshire, DE24 8BJ, UK 
f Department of Materials Science and Engineering, University of Sheffield, Mappin St, Sheffield, S1 3JD, UK 
g Faculty of Engineering, University of Nottingham, University Park Nottingham, NG7 2RD, UK   

A R T I C L E  I N F O   

Keywords: 
Laser additive manufacturing 
Directed energy deposition 
Synchrotron X-ray imaging 
Sintering 
Porosity formation 

A B S T R A C T   

During directed energy deposition (DED) additive manufacturing, powder agglomeration and sintering can occur 
outside of the melt pool when using titanium alloy powders. Using in situ synchrotron radiography we investigate 
the mechanisms by which sintering of Ti6242 powder occurs around the pool, performing a parametric study to 
determine the influence of laser power and stage traverse speed on sinter build-up. The results reveal that 
detrimental sinter can be reduced using a high laser power or increased stage traverse speed, although the latter 
also reduces deposition layer thickness. The mechanism of sinter formation during DED was determined to be in- 
flight heating of the powder particles in the laser beam. Calculations of particle heating under the processing 
conditions explored in this study confirm that powder particles can reasonably exceed 700 ◦C, the threshold for 
Ti surface oxide dissolution, and thus the powder is prone to sintering if not incorporated into the melt pool. The 
build-up of sinter powder layer on deposit surfaces led to lack of fusion pores. To mitigate sinter formation and its 
detrimental effects on DED component quality, it is essential that the powder delivery spot area is smaller than 
the melt pool, ensuring most powder lands in the melt pool.   

1. Introduction 

Laser Directed Energy Deposition (DED) is an additive manufacture 
(AM) is a fabrication technique for the rapid production of complex 
components by progressively adding layers of material via simultaneous 
delivery of laser energy with either wire or powder as feedstock [1]. It is 
particularly useful for producing large free-form parts, adding surface 
coatings [2], joining dissimilar materials [3], building functionally 
graded components [4], or for use in repair applications [5,6]. The 
elimination of porosity in DED builds presents one of the greatest 
challenges: porosity can be a result of entrapped gas in the feedstock 
powder [7], entrained shield [8] or carrier gas [9], or lack of fusion 
pores caused by insufficient melting between deposition layers [1]. 

Many DED studies have concentrated on exploring the relationships 
between DED nozzle geometries and the powder deposition character
istics, including interactions between the powder jet and the laser beam 
or the nozzle working distance [10]. Laser attenuation increases is 
affected by processing conditions and powder focus, increasing powder 
feed rate [11], and the work by Pinkerton et al. [12] has shown that 
in-flight powder heating varies across the width a laser beam. Tan et al. 
[13] reported the divergence of powder jets over prolonged powder 
feeding times, which decreased deposit height due to reduced powder 
capture. 

Wolff et al. [14] conducted in situ synchrotron X-ray imaging of 
powder DED using a process replicator with a piezo-driven system to 
deliver powder to a laser spot, in which high speed radiography 
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provided important new insights into melt pool formation, gravitational 
powder flow, and the powder capture into a melt pool. In situ work on 
melt pool geometry [15,16] and porosity formation mechanisms in DED 
has also been carried out [17]. However, the conditions used in these 
studies involved a much smaller spot size and lower powder feed rate 
compared to industrial DED processes, as it was optimised for high 
resolution and high-speed imaging of powder. Chen et al. performed in 
situ synchrotron X-ray radiographic characterisation studies using a 
blown powder process replicator (BAMPR) that more closely emulates 
the characteristics of an industrial system. Varying laser power, speed, 
and powder feedrate in DED of austenitic grade 316 L stainless steel 
(SS316L) revealed changes to melt pool geometries and surface rough
ness [18]. Furthermore, examination of the nickel-based superalloy 
IN718 [19] and the industrially important titanium alloy Ti6242 
(Ti–6Al–2Sn–4Zr–2Mo in wt%) [20] has revealed mechanisms of track 
development and porosity formation during DED, highlighting sub
stantial differences in the melt pool shapes of these alloys under the 
conditions investigated. 

Fig. 1 summarises these differences, observed using in situ synchro
tron X-ray imaging of 3 different materials: (a) SS316L; (b) IN718; and 
(c) Ti6242, after [18,19]. SS316L and IN718 exhibit a uniform track 
with some partially-melted powder particles visible on the solidified 
track surface as shown by the blue arrows. In the case of Ti6242 
(Fig. 1c), a large amount of powder is visible, which appears to have 
accumulated on the track surface in a layer ca. 300 μm thick. Chen et al. 
[20] proposed that powder sintering was responsible for this powder 
build up. Nickel and steel alloys both form stable Cr-based oxides [21, 
22], which inhibit sintering, whereas titanium oxide films can diffuse 
into the bulk as interstitial oxygen at temperatures well below the 
melting point [23]. In our previous DED studies on SS316L [18] and 
IN718 [19], powder agglomeration around the melt pool was not visible 
for the conditions tested, across a range of laser powers, traverse speeds, 

or powder feedrates. A range of other processing conditions for SS316L 
and IN718 are shown in Supplementary Figs. 1, 2 respectively. 

Henceforth in this work, powder agglomeration and sinter refer to the 
accumulation of unmelted powder particles, which are bonded together 
via necking, reminiscent of early stage sintering. Unmelted powder 
particles adhering to the track has been reported for SS316L and 
attributed to misalignment of the laser beam or the powder spot [24]. 
Syed et al. [25] indicated three explanations for powder adhering to 
track surfaces: particles heated in the laser loosely adhering to the so
lidified track; solid particles impacting the end of the melt pool, with 
insufficient heat to fully melt and incorporate them; or particles which 
impact the melt pool and become semi-molten. However, the number or 
semi-melted particles is significantly less than that seen with Ti alloys. 
Gharbi et al. [26] observed excessive powder agglomeration on the 
surface of Ti–6Al–4V tracks during DED. 

The agglomerated Ti powder layer has a profound effect on the 
advancing melt pool. It significantly alters the pool shape (forming a 
concave rather than convex surface), appears to alter the wetting angle 
at the front of the melt pool, and will thus lead to markedly different 
multilayer build characteristics between the three materials. Supple
mentary Table 1 and Supplementary Fig. 3 show a comparison of typical 
DED processing conditions for titanium alloys. 

The aim of the work is to use in situ synchrotron X-ray imaging to 
further explore the influence of the DED process conditions on titanium 
and titanium alloy powder deposition during multi-layer builds. Spe
cifically, this paper will investigate the hypothesis that sintering is the 
mechanism causing powder accumulation on the surface and explore 
how this can be mitigated, reducing a potential cause of defects such as 
lack of fusion porosity. 

Fig. 1. In situ synchrotron X-ray images of (a) 
SS316L, (b) IN718 and (c) Ti6242 DED multilayer 
builds using BAMPR at laser power 200 W, stage 
traverse speed 1 mm s− 1. The melt pool shape 
boundary is shown by the dashed yellow line. The 
blue arrows indicate semi-melted powder particles 
adhered to the track surface, and red arrows indicate 
additional sintered powder not incorporated into the 
melt pool. Significant differences are seen in both the 
melt pool shape and the deposition of powder on the 
track surface, after [18,19]. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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2. Experimental methods 

2.1. Materials 

Two gas atomised powders were used in this study: Ti6242 
(Ti–6Al–2Sn–4Zr–2Mo in wt%), and Commercially Pure (CP) Ti (both 
from Carpenter Additive, UK). The Ti6242 powder had a nominal size 
range of 45–106 μm with D10 = 50 μm, D50 = 74 μm, and D90 = 90 μm. 
The substrates were made from Ti6246 (Ti–6Al–2Sn–4Zr–6Mo in wt%) 
and CP Ti for the alloy and CP Ti powders, respectively. Substrates were 
1 mm thick to allow for adequate X-ray transmission during imaging and 
to emulate thin wall builds by aiming to keep conductive heat losses 
approximately the same in all layers. 

The primary investigation used Ti6242 powder, and a limited 
number of additional experiments were conducted using CP Ti powder 
and substrates. This was to determine whether the observed sintering 
effect is a specific feature of Ti6242 or is a more general phenomenon 
that occurs during DED of titanium-based powders. 

2.2. In situ blown powder DED process replicator 

A laser blown powder DED additive manufacturing process repli
cator (BAMPR) was designed to replicate a commercial laser blown 
powder DED system, with the ability to be employed onto a synchrotron 
beamline. The system is described in detail in previous works [19]. 
Briefly, the system is composed of an industrial DED nozzle and a 200 W 
continuous wave 1070 nm Yb-doped fibre laser (SPI Lasers Ltd, UK). The 
laser was focussed to a 400 μm (4σxy) diameter spot using tuneable 
optics (Optogama, Lithuania) and was aligned along the nozzle axis. The 
laser beam had a Gaussian distribution [27]. Powder delivery was via 
four jets arranged concentrically with the nozzle axis. An industrial 
powder feeder (Oerlikon Metco TWIN-10-C, Germany) was used to 
deliver powder to the nozzle via argon gas flow, at a constant flowrate. 
An additional argon shield gas flowed axially through the nozzle to 
create an inert atmosphere around the laser melting area and prevent 
oxidation. The substrates onto which powder was deposited were 
mounted onto a 3-axis XYZ motion stage (Aerotech Inc, USA) with travel 
of 25 × 50 × 50 mm (length × width × height). The entire deposition 
system was enclosed in an environmental chamber with X-ray trans
parent Kapton film windows. The chamber was evacuated and backfilled 
with argon (99.998% purity) prior to powder deposition. 

2.3. Experimental build conditions 

A range of processing parameters were investigated to observe the 
effect of laser power and sample traverse speed during DED, as shown in 
Table 1. Each build was a single track, 8 mm long in the x-direction. The 
stage was lowered in the z-direction for each deposition layer to main
tain a consistent working distance between the nozzle and the sample. 
Samples built at 200 W were 5 layers high (z-direction), and samples at 
150 W and 100 W were built 4 layers high. The final layer was not 
deposited for the latter conditions, as the emerging sinter layer 
approached the nozzle and posed a powder blockage risk. Layers were 
added in a bi-directional scanning strategy, alternating each layer. This 
choice of processing parameters was a compromise between replicating 

industrial conditions as accurately as possible whilst maintaining opti
mum imaging requirements. 

2.4. In situ synchrotron radiography 

In situ X-ray radiography experiments were carried out at the I12 
Joint Engineering, Environmental and Processing (JEEP) beamline at 
Diamond Light Source (UK) [28]. A monochromatic X-ray beam was 
used with a mean energy of 53 keV. The imaging system consisted of a 
LuAg:Ce scintillator and a 2x magnification long working distance 
objective lens (0.21 numerical aperture). The radiograph images were 
captured using a PCO. edge high-resolution imaging camera (PCO, 
Germany) at 200 frames per second, with an exposure time of 4 ms and 
an effective pixel size of ca. 3.24 μm. The framerate of 200 fps was 
selected as the optimal compromise for beamline I12 between sufficient 
temporal resolution and X-ray transmission for image signal to noise 
ratio, and high spatial resolution. This combination of frame rate and 
spatial resolution was appropriate to capture the powder agglomeration 
and its interaction with the melt pool as well as the formation of lack of 
fusion pores. 

2.5. Characterisation and micro-computed tomography (μCT) 

The samples were examined by scanning electron microscopy (SEM) 
in secondary electron imaging mode at 10 kV (JEOL JSM-6610 LV, 
Tokyo). Images were taken of the top surface of the track after the final 
deposition layer. 

Multilayer samples were also examined ex situ by micro-computed 
tomography (μCT) using a Phoenix Nanotom (General Electric, USA) 
to image and quantify microstructural features such as porosity. 1000 
projections were collected over 360◦, with an exposure time of 1 s. The 
data were reconstructed using filtered back projection [29], resulting in 
a voxel edge size of 8 μm [30]. The image analysis was performed using 
Avizo 9.3 (ThermoFisher Scientific) [31]. 

2.6. Image analysis of synchrotron radiographs 

The open-source software Fiji version 1.52i [32] was used to analyse 
radiographs. Flat-field correction removed artefacts and noise variation 
inherited during the acquisition process; 100 flat-field and 100 
dark-field X-ray images were collected to do so. The acquired radio
graphs were normalised using the standard flat-field correction (FFC) 
equation [27]. 

After FFC, measurements were taken from the radiograph images. 
The deposition height was measured as the thickness of the added ma
terial onto the previous layer build height; not including any remelt 
depth in the measurement. The sinter height was measured as the 
thickness of the powder particles visible above the solid material for 
each layer. The measurements are shown graphically in Supplementary 
Fig. 4. 

3. Results 

The results show a large amount of Ti6242 powder on the track 
surface following a 5-layer build for a range of laser powers and speeds. 
Left to right in Fig. 2a-e, the track widths (y-direction) were 2.2 mm, 2.1 
mm, 2.8 mm, 1.0 mm, and 1.2 mm respectively. The amount of sintered 
powder visible on the surface decreases with an increase in traverse 
speed. Fig. 2f highlights the sintering in Fig. 2a, with sintered powder 
denoted by pink dashed arrows, and semi-fused powder by yellow ar
rows. Fig. 2g shows a high magnification image of powder particles, 
displaying sinter necking. The necks between particles in Fig. 2f and g 
are 19 ± 3 μm in length. Although Fig. 2 illustrates the presence of both 
semi-melted and sintered powder particles on the track surface, the 
amount of semi-melted particles is low compared to sintered particles, 
and hereafter the large accumulation of powder will be referred to as a 

Table 1 
Processing parameters selected for Ti6242 builds.  

Experimental 
condition 

Laser power, 
P (W) 

Traverse speed, v 
(mm s− 1) 

Powder feedrate, f 
(g min− 1) 

1 100 1 1 
2 150 1 1 
3 200 1 1 
4 200 2.5 1 
5 200 5 1  
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sintered powder layer. Images of powder sintering for the conditions in 
Fig. 2b–e are shown in Supplementary Fig. 5a–d. 

Reconstructed μCT images of the tracks are shown in Fig. 3. There is a 
large decrease in interlayer porosity between deposition layers as the 
laser power increases from 100 W to 200 W. At the 1 mm s− 1 and 100 W 
deposition condition, a considerable amount of sintered powder is 
visible, with a thick layer on the top surface. Layers were not fused 
together, and there is unmelted powder visible between layers, forming 
interlayer pores. The cross section shows no layer cohesion. The track 
detached from the substrate during μCT sample preparation due to 
insufficient fusion of the melt track to the substrate during layer 1 
deposition. The 150 W condition reveals large, interconnected interlayer 
pores between layers. Sintered powder can be seen between melt layers 
on the sides and top surface of the track. The 200 W condition induced 
sintered powder on the outside of the track, and the cross section shows 
an inverted ‘saddle’ shaped melt pool [20], increasing in width as the 
layer number increased. Some smaller pores were visible at layer 
boundaries, as well as small spherical pores at the end of the track. As 
traverse speed increased to 2.5 mm s− 1, the layer thickness decreased, 
but the width of the track similarly increased with each deposited layer. 
Much less sinter is present on the track surface; however, some particles 
can be seen along the sides of the track. At v = 5 mm s− 1, the layer 
thickness is smaller, and some lack of fusion pores can be seen between 
the substrate and layer 1. Since sintered powder on the track surfaces 
can be seen in Fig. 2, it is possible that sintered particles were inad
vertently removed from the samples during preparation for μCT, as the 
sintered particles were not strongly bonded to the track surface. The 
percentage volume of lack of fusion porosity between build layers 
caused by the sintered powder particles, if the whole sample were to be 
considered as a solid track, is listed in Table 2. 

In situ synchrotron X-ray images obtained during the building pro
cess are shown in Fig. 4 and Supplementary Videos 1–4, where the 

effects of laser power on the formation of accumulated powder layers are 
revealed. Fig. 4a shows layer 1 melting at 100 W. The melt track shows 
insufficient wetting to the substrate, and a layer of sintered powder on 
the track surface ca. 650 μm thick; roughly twice as thick as the melt 
track itself. The powder delivery gave a focussed powder footprint from 
all four incoming jets of 4.9 ± 0.1 mm diameter. Therefore, despite the 
centre of the powder jet impinging on the laser spot, a large fraction of 
the powder jet is not striking the melt pool due to its relatively small 
size. The deposition of layer 3 at the same condition is in Fig. 4b, in 
which the thick powder layer has created a barrier between the solidi
fied layer 2 melt track, and the melt pool, resulting in lack of fusion 
defects between layers. The melt pool is considerably longer than for 
layer 1. Fig. 4c shows layer 1 melting at a laser power of 200 W. A deep 
hemispherical melt pool remelting the substrate, and a layer of sintered 
powder on top of the melt track, ca. 300 μm thick, are both evident. A 
cluster of sintered powder ahead of the melt pool is also visible, which 
was later incorporated into the melt pool as seen in Supplementary 
Video 3. In this case, the larger melt pool would increase the powder 
capture efficiency compared to the 100 W condition. Fig. 4d shows layer 
3 of the same 200 W laser power condition, showing an elongated melt 
pool, and a change in wetting at the front of the melt pool, caused by the 
layer of sintered powder pre-existing track. In this case, the melt pool 
was large enough to ensure sufficient fusion between layers. 

Fig. 5 and Supplementary Videos 5–8 demonstrate the effect of 
transverse speed on the formation of sintered powder layers. For com
parison, the 1 mm s− 1 processing condition is in Fig. 4c, d. Fig. 5a shows 
layer 1 melting at 2.5 mm s− 1 showing a smaller melt pool, and reduced 
sinter layer compared to the 1 mms− 1 traverse speed. However, the melt 
pool still remelts the substrate sufficiently to achieve bonding. The 
deposited layer height in this case is 260 ± 11 μm. Fig. 5b is layer 3 
melting for the same condition, showing an elongated melt pool and 
reduced melt pool depth. The change in wetting at the front of the melt 

Fig. 2. Secondary electron SEM images of Ti6242 
powder accumulated on the surface of tracks 
following 5 layers of in situ DED. (a–e) Low magnifi
cation images of the top surface showing accumula
tion at each processing condition. (f) Higher 
magnification images of powder particles on the 
surface of the (a), showing some that appear sintered 
(pink dashed arrows), and others semi-melted and 
fused together (yellow arrows). (g) Example of par
ticles that exhibit sintering. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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pool caused by the sinter layer is also observed here. Fig. 5c shows layer 
1 melting for a traverse speed of 5 mm s− 1. The melt pool is smaller with 
a deposited track height of 145 ± 9 μm. Fig. 5d is layer 3 melting, 
similarly showing an elongated and shallower melt pool than layer 1. 

Table 2 includes the average deposited layer thickness measurements 
for all conditions: the 100 W and 150 W conditions show a high 
deposited layer thickness because the sinter layer prevents complete 
fusion to take place and the deposited track is built upon the sintered 
layer. 

The measurements of the sintered layer height for each processing 

condition are summarised in Fig. 6, as described in Supplementary 
Fig. 4, averaged over all deposition layers. The 200 W, 1 mm s− 1 con
dition is plotted on both graphs. Inset radiograph images show a visual 
representation of the changing sinter height for each process condition. 
Fig. 6a shows that changing laser power has a significant effect on the 
height of the sintered layer, as decreasing from 200 W to 100 W 
increased the sinter height by ca. 400 μm. Fig. 6b shows that increasing 
the stage traverse speed decreases the sintered layer height: increasing 
from 1 to 5 mm s− 1 decreased the sinter layer by ca. 130 μm. This is 
likely due to less powder being deposited during the total build time, as 
it takes 1/5 of the time to deposit each layer, and thus there is 80% less 
powder delivered per track length at a constant powder feedrate. 

A limited number of experiments were conducted using CP Ti pow
der and substrates. Radiographic results are shown in Fig. 7, built at 200 
W, 2.5 mm s− 1, and powder feedrate of 1 g min− 1. Supplementary Video 
9 shows the deposition at 5 mm s− 1, similarly showing a reduced sinter 
layer height, demonstrating that the relationship between the formation 
of sinter layer and the processing parameters is probably common across 
Ti-based materials. Fig. 7b shows sintered CP Ti powder particles on the 
track surface. The CP Ti behaves similarly to the Ti6242 (Fig. 2); most of 
the powder particles are sintered together rather than semi-melted and 
fused to the track. This data shows that the powder sintering phenom
enon is not unique to Ti6242 powder and may affect other Ti alloys as 
well. 

4. Discussion 

In this study, we observed that Ti alloy powder accumulates on the 
track surface behind the pool during deposition. The SEM images show 
only a small fraction of powder particles appear partially-melted and 
fused together and the majority of the powder particles appear to be 
sintered. The evidence for this is shown in Fig. 2f, as some particles are 
most likely partially-melted and fused together, as they have changed in 
shape, whereas the majority of particles resemble that of Fig. 2g, having 
developed a neck feature between particles. This feature does not distort 
the particles and they retain a spherical shape, indicating early stage 
sintering [33]. Powder build-up via other means such as high velocity 
impacts, analogous to the cold-spray technique, was ruled out as a 
mechanism for sinter formation, as the powder particles shown in Fig. 2 
have no obvious signs of impact deformation. Schmidt et al. have per
formed extensive work on determining the critical impact velocity for 
the cold spray process, which for titanium was predicted and measured 
to be in excess of 700 m s− 1 [34]. In DED it could be argued that the 
highly elevated temperature of some particles would cause the critical 
impact velocity to be much lower, due to higher ductility. Goldbaum 
et al. show that even in the cases of gas heated to 1000 ◦C, the critical 
velocity remains in excess of 400 m s− 1 [35], approximately 15 times the 
maximum velocity of particles exiting our DED nozzle. 

The sinter layer formed during deposition is a feature of the exper
imental setup, and the thermal properties of the powder. Due to the 
rapid processing times, high heat input in DED, and accelerated diffu
sion at these high temperatures [36], it is speculated that solid state 
sintering or even liquid phase sintering is responsible for powder 
agglomeration [20]. For Ti, furnace sintering generally occurs in the 

Fig. 3. μCT rendered images of tracks with a quarter section removed, and 
cross sections, showing track widening and lack of fusion between layers. The 
100 W condition detached from the substrate during sample preparation due to 
insufficient melting in layer 1 deposition (shown in Fig. 4), and so the 
approximate substrate size is drawn in dotted lines. 

Table 2 
Melt pool measurements and estimated melt pool area in the final deposition layer for each processing condition, average sinter height and deposited layer thickness 
measurements across all layers, the percentage volume of lack of fusion porosity between deposition layers caused by sintered particles, and the powder capture 
efficiency.  

P v Melt pool 
width (mm) 

Melt pool 
length (mm) 

Ellipse melt 
pool area (mm2) 

Ratio of pool area to 
powder spot (%) 

Average sinter 
height (mm) 

Average deposited 
layer thickness (mm) 

Lack of fusion 
porosity (%) 

Powder capture 
efficiency (%) 

100 1 2.17 ± 0.07 1.51 ± 0.05 2.58 13.7 0.68 ± 0.10 0.57 ± 0.15 29.6 8.4 
150 1 2.06 ± 0.04 1.81 ± 0.04 2.93 15.5 0.53 ± 0.11 0.67 ± 0.11 13.1 9.3 
200 1 2.77 ± 0.04 2.30 ± 0.02 5.01 26.6 0.30 ± 0.07 0.60 ± 0.08 9.3 10.1 
200 2.5 1.75 ± 0.05 2.01 ± 0.09 2.77 14.7 0.21 ± 0.04 0.31 ± 0.03 3.0 8.4 
200 5 1.24 ± 0.04 1.65 ± 0.07 1.61 8.5 0.17 ± 0.03 0.19 ± 0.05 3.7 5.5  
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range 700 < T < 1350 ◦C [23]. Liquid phase sintering occurs if a powder 
particle experiences enough heating to partially melt the surface and 
grain boundaries where segregated alloy elements lower the melting 
temperature, but the particle core remains solid [33,37]. The 
partially-molten particles wet to the surface of one another, forming a 
layer of sintered powder [38]. This binding mechanism is the most 
prevalent in the selective laser sintering process (SLS) [39,40], which 
typically uses a similar laser setup. Furthermore, the work undertaken 
has shown that the phenomenon of sintering is not confined to the alloy 

Ti6242 but also occurs during DED deposition of CP Ti powder, Fig. 7b. 
Our hypothesis for the formation of a sintered powder layer is related 

to the dimensions of the powder delivery area and the melt pool surface 
area. If the powder focal spot is larger than the melt pool, some powder 
will land outside the pool and will not be incorporated (unless landing 
ahead of the melt pool). The powder may pass through the laser beam, 
and undergo heating during flight, or land on the substrate close to the 
melt pool, heated by the deposited track. It is known that oxides on 
powder surfaces can inhibit sintering [23,41], and also that titanium 

Fig. 4. Effect of laser power on agglomerated powder 
height, with (a–b) at 100 W, and (c–d) at 200 W, for v 
= 1 mm s− 1 and f = 1 g min− 1. The approximate laser 
beam position is shown in red. The powder spot 
diameter at the substrate is ca. 4.9 ± 0.1 mm. (a) 
Radiograph of layer 1 deposition at 100 W. (b) Layer 
3 deposition. (c) Layer 1 deposition at 200 W, with 
the advancing wetting angle, θ, shown in blue. (d) 
Layer 3 deposition. See Supplementary Videos 1–4. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 5. Effect of traverse speed on sinter height for 
Ti6242 powder, with (a–b) at 2.5 mm s− 1 and (c–d) at 
5 mm s− 1, for P = 200 W and f = 1 g min− 1. The laser 
beam shown is in red. (a) Layer 1 deposition at 2.5 
mm s− 1 showing shallower melt pool and less powder 
agglomeration than Fig. 3d, and how by (b) layer 3 
the melt pool is elongated. (c) Layer 1 deposition at 5 
mm s− 1 and (d) Layer 3 showing a reduction in the 
number of sintered particles but with reduced depo
sition height. See Supplementary Videos 5–8. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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dissolves its own oxide above temperatures of approximately 
600 ◦C–700 ◦C [23,42]. The oxide dissolution leaves a ‘clean’ surface on 
the powder, enhancing sintering. Heated particles which land outside of 
the melt pool will then sinter to the track and/or other particles. Impact 
with the heated track could raise particle temperatures enough to induce 
oxide dissolution and subsequent sintering. The generation of vapour 
plumes from the melt pool [43] may also induce further particle heating. 
Heated particles can impact each other in flight, and some may sinter to 
one another. A recent study by Wolff et al. [14] using high-speed radi
ography observed two Ti–6Al–4V powder particles colliding in flight, 
and sintering together, perhaps as a result of surface oxide dissolution. 
When compared to SS316L and IN718, for example in Fig. 1, both ma
terials form Cr-based oxides on the powder surface [21,22] which are 
thermodynamically stable, even at high temperatures, and hence these 
powders will not sinter as readily. 

The physical phenomena which lead to the formation of sintered 
powder is discussed below, and the extent to which the present obser
vations are relevant to a wider range of DED processing conditions is 
examined. 

4.1. The sintered powder layer formation mechanism 

For this experiment, the nozzle and approximate powder flow paths 
are shown schematically in Fig. 8. The powder spot diameter was 
measured to be 4.9 ± 0.1 mm at the working distance of 6 mm. Fig. 8 
shows that the total powder footprint at the consolidation plane is 
significantly larger than the laser spot size, and the substrate width (400 
μm, and 1 mm respectively). The percentage of deposited powder 
landing in the melt pool in the final deposition layer has been calculated in Table 2 with details of pool measurements in Supplementary 

Fig. 6. Measurements of the sinter layer 
height, averaged across all deposited 
layers. (a) Changes in sinter height with 
laser power for constant v = 1 mm s− 1. 
(b) Changes in sinter height with stage 
traverse speed for constant P = 200 W. 
All at constant powder flowrate of f = 1 
g min− 1. Error bars are calculated as the 
standard deviation. Inset radiographs 
show the variation in the measured 
sinter height for each condition; scale 
bars are 500 μm. Dotted trendlines are 
indicative and are not a true fit.   

Fig. 7. (a) Radiograph image of layer 1 melting using CP Ti powder and substrate, at P = 200 W, v = 2.5 mm s− 1, and f = 1 g min− 1. (b) SEM image at 750×
magnification of the track surface after 5 deposition layers, showing sintered powder. 

Fig. 8. 2D schematic of the DED nozzle, with approximate powder jet profiles, 
creating a powder spot with 4.9 ± 0.1 mm diameter at the consolidation plane. 
The thin wall substrate is 1 mm, and the laser spot is 400 μm. Shown by a dark 
purple dotted line is one possible powder particle trajectory, which passes 
through the centre of the laser beam but lands outside of the melt area. The 
solid section of line denotes the time during which the particle undergoes 
laser heating. 
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Information. The ratio of pool area to powder spot area shows that for 
these experimental conditions, a maximum of ca. 27% of powder is 
landing within the melt pool. At 1 mm s− 1, the area ratio at 100 W is 
roughly half that at 200 W, meanwhile, at 100 W the sinter layer height 
is just over double the height at 200 W. This indicates that a critical 
factor in reducing sintered powder is ensuring a high powder capture 
efficiency. In commercial DED machines, a larger spot size is typically 
used alongside a higher laser power (Supplementary Table 1). The 
mismatch in spot size/melt pool size and the powder delivery spot size in 
the present work is the key criteria for the excessive sinter observed, 
however this work highlights the issues which may arise if processing 
conditions are not correct. Previous work has reported a divergence of 
powder delivery streams after prolonged powder feeding under a high 
powder feed rates, caused by erosion of the nozzle inner walls [13]. The 
larger powder delivery spot led to a reduction in deposit height due to a 
lower powder capture efficiency. This shows that DED machines can 
deviate from the calibrated settings with time, and unexpected process 
phenomena such as sinter build-up could occur. To build fine features 
using Ti alloys, a very focussed and accurate DED powder delivery jet 
would be necessary and optimising the melt pool and powder area 
would be key. 

Previous DED models [44] assume that powder particles are either 
captured by the melt pool or ricochet off and are not melted, whereas 
this study demonstrates that an additional mechanism is present for Ti 
alloys in which heated particles may adhere to the track surface but do 
not melt. As expected from the low ratio of melt pool to powder spot, the 
powder capture efficiency in Table 2 is also low. However, capture ef
ficiencies can extend across a broad range in DED depending on pro
cessing conditions. The values in Table 2 lie within the range reported in 
previous work using commercial DED machines, of 3–33% [45] and 5% 
[46]. Larger values of between 54 and 74% [47] and 38–60% have also 
been seen, the latter in laser cladding [2]. Powder capture efficiencies 
are a function of the powder focus and nozzle working distance, and 
previous work has shown that the track temperature affects the capture 
efficiency, as retained heat in the material lessens the amount of heat 
input required to reach melting temperature, forming a larger melt pool 
[48]. The formation of a sintered layer will decrease this however, as the 
thermal conductivity through sinter is less than bulk material. 

An analysis of powder heating during deposition has been carried 
out, to calculate temperature increases caused by interactions with the 
laser beam during flight. The heating is primarily caused by the ab
sorption of laser energy as it passes through the beam. Wen et al. [49] 
and Yan [50] modelled the particle heating process in DED. A calcula
tion of the increase in temperature of individual powder particles in the 
carrier gas stream was carried out for the processing conditions of the 
present study, using Equations 4-8 in the Supplementary Information 
[49]. The heating was calculated for D10, D50 and D90 particle sizes. 
Powder particles were delivered from the nozzle via four jets, at an angle 
of ca. 14◦, focussed to a spot 6 mm below the outlets. The laser power 
was 200 W. The absorption coefficient of Ti and Ti alloys ranges from 0.3 
to 0.77 [50–53], hence this range was used for this calculation. Values 
used are specified Supplementary Table 2. 

The following assumptions have been made in this calculation:  

• Powder particles travel at the same velocity as the carrier gas for the 
duration of their flight [12]; which is ca. 26 m s− 1 for each of the four 
nozzle jets. Particle velocity was calculated using the volumetric 
flowrate, shown in Supplementary Information Equation 11. Gravity 
and drag forces have been considered negligible. Although previous 
work [44] demonstrated that the particle velocity decreases after 
exiting the nozzle, this effect was not calculated here. The effect of 
shielding gas flow on the velocity of incoming powder particles was 
also not accounted for. 

• The carrier gas and initial particle temperature were room temper
ature (20 ◦C).  

• Powder particles were considered spherical, which is appropriate for 
gas atomised powders [12].  

• Although the powder delivery spot and laser spot are Gaussian, both 
were represented as a constant intensity.  

• Shadowing effects of other powder particles in the stream have been 
considered to be negligible (after [12,54,55]), and particles were 
assumed to heat uniformly.  

• Any heat gained by a powder particle would remain for their full 
trajectory. 

Fig. 9 shows calculated temperatures of one particle travelling 
through the laser beam and landing outside of the melt pool on the 
hypothetical path labelled in Fig. 8. The plot shows that for a number of 
conditions the particle temperature can exceed the threshold for tita
nium oxide dissolution (plotted here as 700 ◦C [23,42]), reaching over 
1300 ◦C for the D10 particle size of 50 μm, thus we hypothesise that this 
is causing the sintered layer. As a range of temperatures can be seen, not 
all particles would undergo oxide dissolution and may ricochet off the 
surface if not consolidated into the pool. From the SEM images of sin
tered powder, the particle diameter was measured for any particle 
exhibiting clear sintering. Across all processing conditions, the average 
sintered particle diameter was between 46 and 60 μm, indicating that 
the majority of the sinter layer was formed of particles on the low end of 
the particle size distribution, which supports the hypothesis of heating 
and oxide dissolution causing sintering. Since it has been previously 
reported that particle speeds decrease after exiting the nozzle [44], 
slower particles would remain in the laser for longer, thus reaching 
higher temperatures than the predicted values, and increasing the 
likelihood of sintering. Previous work on SS316L has shown powder 
particles melting and partially melting while passing through the laser 
beam, supporting this hypothesis that in-flight heating can be substan
tial [56]. Supplementary Fig. 6 shows the calculated temperatures if the 
particle speed was slowed to 75% of the carrier gas jet speed. It dem
onstrates that even for an absorption coefficient of 0.3, a 50 μm powder 
particle reaches ca. 700 ◦C, indicating that oxide dissolution and resul
tant sintering is plausible. The highest calculated temperature is ca. 
1600 ◦C, which is nearing the melting temperature of titanium alloys, 
and may be why some particles in Fig. 2 were partially melted and fused 

Fig. 9. Calculated temperatures of a powder particle following the path 
labelled in Fig. 8, for varying particle diameter (D10, D50, and D90) and 
measured absorption coefficients from previous literature [51,52]. The oxide 
dissolution temperature is plotted as 700 ◦C [23,42]. 
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together. 
Substrate or track heating also takes place during deposition, and so 

a modified Rosenthal solution [57,58] has been used to calculate track 
temperatures around the melt pool. Supplementary Fig. 7a – j shows 
temperature contour plots with the predicted melt pool for all processing 
conditions, at the initial and final deposition layer. A fitting parameter 
has been included, which used the known melt pool length measured 
from the radiograph images, and fit the calculated pool geometry to this 
length, to predict pool depth and temperatures. The contour plots show 
that the temperature of the tracks behind the melt pool exceed 700 ◦C for 
all processing conditions, indicating that particles which impact the 
solidified track could heat and sinter upon impact. However, since the 
thermal conductivity through sinter is lower than solid track, any 
powder heating would be a secondary cause of sintering and not the 
predominant mechanism for the sinter layer formation. 

The Rosenthal solution predicted deeper melt pools than measured 
from radiograph images; an average of 45% deeper for layer 1 and 121% 
deeper for the final deposition layer across all conditions. The large 
mismatch between measured and predicted depths in the final layer may 
be a result of the sinter layer: as can be seen in Figs. 4 and 5, the sinter 
causes melt pools to become elongated and shallower. It is thought that 
this is due to a change in pool wetting, onto powder as opposed to 
previously deposited track. The sintered powder almost acts like a pre- 
deposited powder layer in LPBF, and the melt pool must percolate 
through and melt the layer of powder in addition to incoming powder to 
ensure sufficient layer cohesion. Previous work on melt pool and powder 
interactions has shown low wettability of powder particles, related to 
oxides on powder surfaces [59]; this effect may further alter the wetting 
of the pool. The elongation of melt pools could increase powder capture; 
however, the subsequent shallowing of the pools decreases the inter
layer cohesion and can lead to lack of fusion porosity. The thermal 
gradients in the melt pool are also likely to be affected by the sinter 
layer, as heat transfer through sintered powder will be different than 
solid track. This could contribute to the melt pool shape change 
compared to other alloys, as seen in Fig. 1. 

The differing melt pool shapes have been referenced in previous 
works [20], describing it as ‘saddle-shaped’ as a result of sintered 
powder. The μCT cross sections in Fig. 3 show the inverted melt pool 
shape, and an increase in track width as layer number increases for all 
conditions. Previous studies have also revealed a similar ‘saddle’ shape 
of deposited Ti–6Al–4V [60,61] and Ti6242 [5], and the agglomeration 
of powder Ti–6Al–4V particles on track surfaces [26]. The saddle shaped 
melt pool was attributed to Marangoni flow in the melt pool, in which 
material flows downwards at pool edges and is pushed upwards in the 
centre [26]. It is speculated that sinter layer could contribute to this 
saddle shaped pool if the melt pool spreads over the surface of the sinter. 
This could be exacerbated each time a new layer is deposited, as the melt 
pool could penetrate through the sinter layer, but also flow through the 
sinter down the sides of the track, rather than creating a deep hemi
spherical melt pool as expected. This effect would likely be reduced in a 
hatched melting strategy, as sinter on the sides of a track could be 
remelted and incorporated into the pool. The saddle effect which causes 
the melt pool width to increase with each layer could potentially be 
advantageous, if a need for such geometries arose. 

Fig. 10 and Supplementary Video 15 show a Ti6242 sample in which 
the track was built under atmospheric conditions, instead of an argon 
purged chamber. The shield and carrier gas remained at the same 
flowrates; identical conditions were used for both builds, with the 
exception of the atmosphere. Although there is internal porosity being 
carried in the melt pool and significant cracking at the ends of the track 
during solidification due to increased oxygen content, one key obser
vation is that there is no powder sintering on the track surface or during 
melting. A hypothesis for this is that in an atmosphere containing oxy
gen, the powder will still be heated if passing through the laser, and the 
oxide dissolution will take place, however, surrounding oxygen is pre
sent to continually replenish the oxide layer, meaning that powder 

particles cannot sinter, as oxides inhibit sintering in metal powders [23, 
41]. All incoming powder is either incorporated into the pool and melted 
or ricochets off the track surface, matching our hypothesis. The melt 
pool shape in this condition is convex (similar to SS316L and IN718), 
rather than concave as observed in all other Ti conditions. Any resultant 
changes to the formation of a vapour plume or subsequent effect on 
powder sintering are considered negligible. A computational model of 
vapour plumes by Chen and Yan considered a convection mode situation 
[62], in which the velocity of the induced gas was ca. 0.4 m s− 1, which is 
over an order of magnitude smaller than 26 m s− 1 gas flow exiting the 
nozzle in this study. 

4.2. Relationship to processing conditions 

The difference between titanium alloys and other materials is evident 
from Fig. 1. The concave as opposed to the convex-shaped melt pool and 
change in wetting at the leading edge of the pool is a direct result of 
powder sintering during deposition. The sintered particles in Fig. 2 
suggest varying degrees of powder heating in flight between the nozzle 
and melt pool area, as although some particles had partially melted, the 
majority of powder particles were sintered as demonstrated in Fig. 2c. 

The difference in the height of the sinter layer on the track surface 
was most noticeable when varying laser power. From the radiograph 
images in Figs. 4 and 5 and measurements in Fig. 6, it is clear that laser 
power has the largest influence on the melt pool size, and thus strongly 
impacts the sinter layer height. Fig. 4 shows that the melt pool created at 
200 W is significantly larger than the laser spot size, and the melt pool 
covers more of the powder spot (ca. 27% overlap). For the 100 W con
dition, the pool is significantly smaller, and so the same amount of 
powder is flowing into the melt area, but a larger amount will land 
outside of the melt pool. 

Increased traverse speed reduced the energy density and melt pool 
size, however, the reduced sinter layer height with increasing speed seen 
in Fig. 6 is a result of less powder being delivered to the laser spot during 
melting. The effect of increasing traverse speed is essentially analogous 
to decreasing powder feed rate for a constant speed. Thinner deposition 
layers were also caused by this reduction in available material, as well as 
smaller melt pools due to lower overall energy density. 

To consider possible conditions which could reduce the sinter layer, 
the trendlines in Fig. 6 were extrapolated to the point at which sinter 
height was zero. Assuming a continuous linear relationship, this 
revealed that a laser power of ca. 280 W or higher could sufficiently 
decrease the sintered layer, likely by causing a larger melt pool and 
increasing the powder capture efficiency. For traverse speed, the 
extrapolation indicated that at 200 W, a speed of ca. 10.5 mm s− 1 or 
higher would be necessary to reduce the sinter height to zero. However, 
such speeds would substantially reduce the deposition height, as only 

Fig. 10. Oxidised Ti6242 sample at P = 200 W, v = 1 mm s− 1. The oxygenated 
atmosphere introduces pores into the melt pool, but most importantly reveals 
that no sintered powder is present on previous layers or surrounding the melt 
pool. The melt pool shape resembles the SS316L sample more closely with a 
convex melt pool surface. See Supplementary Video 15. 
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half as much powder as the 5 mm s− 1 condition would be fed into the 
system and available for melting, thus, increasing traverse speed would 
not be a suitable method of reducing powder sintering. Furthermore, the 
relationship between processing parameters and sinter height is likely 
not strictly linear, and increasing laser power or traverse speed could 
make the sinter negligible but not eliminate it entirely. 

5. Conclusions 

This work has provided a parametric study of a previously observed 
Ti alloy powder sintering phenomenon in DED, and has utilised in situ 
radiography to quantify the effects of different processing conditions on 
sinter build-up. 

Sintering was present under all processing conditions investigated, 
but the thickness of the sinter layer varied. Increasing laser power, 
thereby creating a larger melt pool, decreased the sinter layer thickness 
on the surface of deposits. Increasing traverse speed (akin to reducing 
powder feed rate) also reduced the sinter, but was at a compromise of 
reduced deposition height. 

A high powder capture efficiency by minimising any mismatch be
tween the pool area and the powder delivery area is necessary to miti
gate sinter formation in Ti alloys. Unoptimised processing conditions 
such as a very high powder feed rate could induce sintering if the 
incoming powder exceeds the melt pool capture ability. 

Sinter is caused by powder heating, primarily via laser beam atten
uation during flight. Particle heating calculations confirmed that Ti6242 
powder particles can reasonably exceed 700 ◦C, resulting in surface 
oxide dissolution and subsequent sintering, under the processing con
ditions explored in this work. 

The build-up of sintered powder layers can cause lack of fusion de
fects between layers, which were most prevalent in low laser power 
conditions, and is a feature to be aware of in commercial processing. 
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