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Abstract

Laser Metal Deposition (LMD) is promoting increased interest with regard to manufacturing parts of
complex geometry. It is especially important with respect to manufacturing cost reductions for relatively
expensive Titanium alloys. The rapid and directional cooling processes inherent with LMD produce non-
homogeneous microstructures and large residual stresses. Knowledge of the LMD process to optimise
deposited microstructures is in high demand. The high-strength β-Titanium alloy, Ti-5Al-5Mo-5V-3Cr (Ti-
5553), was deposited using LMD on to a heat-treated substrate of the same alloy. Two blocks of 15 x 15 x
6.4 mm3 were made with different laser power to powder feed rate ratios followed by microstructural
analyses. Both blocks have almost identical geometry and density. Low ratios of laser power to powder feed
rate resulted in pure β phase in the deposited layers and the re-melted material in the substrate. High ratios
resulted in larger columnar β grains, the precipitation of nano-scaled α, and a pronounced increase in
microhardness ≈1 mm above and below the substrate interface. This could be detrimental to the mechanical
properties of the substrate and highlights the importance of the optimisation of LMD parameters.

  

Introduction

Additive manufacturing (AM) is an emerging technology that is able to produce near-net shape components
with lower buy-to-fly ratios compared to traditional machining [1]. Laser Metal Deposition (LMD) is one
such technology that is gaining particular interest within the aerospace industry. It is capable of adding
features to large forgings and repairing surface defects and cracks [1–3]. LMD is particularly attractive for
use with expensive alloys such as those based on Titanium, where minimisation of material waste, tool wear
and manufacturing lead-time can be improved [1].

Material deposited with LMD is often plagued by porosity, large residual stresses, and highly anisotropic
microstructures [3–6]. These can be reduced through using high quality powder feedstock and optimised
process parameters [4–9]. To this end, extensive research of LMD has been conducted in recent years to
improve understanding of the process.

The widely used alloy, Ti-6Al-4V, has seen the bulk of attention, with research on the effect of process
parameters such as laser power and powder feed rate, and their associated effect on the mechanical
properties, density, microstructure and residual stress of deposited components [4–7]. However, there is
scope for greater understanding of the deposited microstructure of high-strength β-Ti alloys such as Ti-5Al-
5Mo-5V-3Cr (Ti-5553), which are used in undercarriage applications for commercial aircraft such as in the
Boeing 787 [10]. 

The limited literature data on the LMD of Ti-5553 (and the similar Ti-5Al-5Mo-5V-1Cr-1Fe alloy)
demonstrate that the as-deposited microstructure is characterised by large columnar β grains and limited α
precipitation [8,11,12]. The latter is generally improved with higher laser powers; however, this can coarsen
the β grain structure [12], and could increase the heat affected zone within the substrate material, all of which
can be detrimental to mechanical performance. It is also unclear the effect the process parameters have at the
substrate interface, which is of high importance when adding features to larger forgings. To this end, a
comparison of the microstructure of deposited layers and the substrate interface of LMD Ti-5553 under low
and high laser power to powder feed rate ratios will allow a greater understanding of optimised deposition
process parameters.
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Experimental

Ti-5553 was used as the workpiece material in this research.  A forged Ti-5553 billet was initially subjected
to β annealing at 100oC above the β-transus for 3 hrs in a vacuum furnace, followed by air cooling at 10oC
per minute to room temperature. In addition, an ageing treatment was conducted at 810oC for 2 hrs followed
by a water quench. The substrate material was extracted from a forged billet.

Blocks of Ti-5553 were deposited on the Ti-5553 substrate by LMD with a 2 kW TRUMPF disc laser by
Laser Additive Solutions Ltd. The powder feedstock was atomised by AP&C using a plasma atomisation
process and subsequently sieved into a particle size distribution of 45-106 µm. Each block was of
dimensions 15 x 15 mm2 in the normal direction (ND) and transverse direction (TD), and consisted of 16
layers incrementally spaced by 0.4 mm (z-increment) along the build direction (BD). The spacing between
scan track centrelines within each layer is 0.8 mm. Scanning pattern was linear tracks aligned in the same
direction, upon which each layer rotates the pattern by 90o as illustrated in Figure 1. Localised argon
shielding has been used. Scanning speed is 600 mm/min.

 
 

Figure 1 - Scanning pattern of deposition.

The deposition height of 6.4 mm is expected; however, this requires a good ratio between the laser power
and powder feed rate. The process parameters used for both specimens are summarised in Table 1.

Density measurements were completed using the Archimedes method with a Mettler Toledo balance and
density measurement kit. Measurements were repeated a minimum of four times for repeatability.

For microstructural examination by optical microscopy, the blocks were sectioned both parallel and
perpendicular to the build direction, i.e. in BD-ND and ND-TD planes. Standard techniques of
metallographic preparation were applied, i.e. grinding and polishing followed by etching with Kroll’s
reagent, washing with methanol and drying with an air flow. For scanning electron microscopy (SEM),
samples were subjected to electro-polishing in an electrolyte consisting of methanol, 2-butoxyethanol and
perchloric acid, at 40 V for 30 s followed by washing with methanol and drying with an air flow. SEM
imaging and electron back scatter diffraction (EBSD) analysis was obtained using a Thermo Fisher Scientific
Quanta 250 SEM and an Oxford Instruments EBSD camera, with a 20 kV accelerating voltage and a 4.5 mm
spot size. EBSD maps were created with a 5 µm step size and achieved a minimum indexed proportion of
80% or greater for all scans. Noise reduction has been applied through standard “clean-up” procedure to
replace non-indexed pixels with orientations based on their neighbouring pixels.
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EBSD post-processing has been completed in AZtecHKL software by Oxford Instruments. Grains were
characterised as areas surrounded by high-angle boundaries. A 15o criterion was applied to differentiate low-
angle boundaries (LABs) from high-angle boundaries (HABs).

Vickers microhardness distribution testing was conducted on a DuraScan 70 G5 hardness tester for a load of
1 kg (HV1) for 10 s. The spacing between indents was 0.75 mm. Post-processing of data has been completed
in MATLAB.

Results

Two blocks demonstrated minimal deviation from the expected height and geometry: a low laser power
specimen (LP) and a high laser power specimen (HP), which were 3% and 1% overbuilt respectively (Table
1). Both LP and HP displayed high densities of 99.3% and 99.6% of the substrate material respectively,
which had an absolute density of 4.59 g/cm3. The highly dense material is reflected in all microstructural
analyses, in which no apparent voids or areas of poor fusion are visible. 

Table 1 - AM process parameters and resulting height deviation of LMD
Ti-5553 blocks.

Specimen Laser Power,
W

Powder feed rate,
g/min

Height deviation from
expected

LP 550 1.8 3% overbuilt
HP 650 1.4 1% overbuilt

Microstructure

The microstructure transition from the substrate into the deposited layers of specimen LP and HP is shown in
Figure 2a, and b. The substrate material is characterised by the presence of large equiaxed β grains of an
average size of  470 µm, and a homogeneous dispersion of fine micro-scaled α laths that decorate the grain
boundaries (GBα) and interiors as seen in Figure 2d.
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Figure 2 - The transition from the substrate to the deposited layers in the LP (a) and HP (b) specimen.
Red arrows indicate re-melted materials (c): Magnified image of HAZ showing micro-

scaled α dissolution. (d): Magnified image of typical substrate microstructure.

 

In contrast, deposited material is characterized by large columnar β grains, often several millimetres in
length, aligned in the build direction. Most likely, epitaxial grain growth took place, and grains have grown
through multiple deposited layers. Specimen LP has smaller β grains than specimen HP as outlined in Table
2, however within each specimen the aspect ratios in the BD-ND and ND-TD planes was comparable. 

  

Table 2 - Average β grain size and aspect ratios within centre of
deposited material. Sizing calculated from EBSD maps.

Analysis
plane Specimen Average β grain size,

µm
Average grain aspect
ratio

BD-ND LP 103.2 2.9
 HP 134.8 3.0
ND-TD LP 84.5 1.5
 HP 114.4 1.6

The substrate interface region was characterised with several notable features as annotated in Figure 2a and
b. Columnar grains initiated in freshly deposited material immediately above the substrate interface. The re-
melted substrate material maintains the typical large equiaxed β grain morphology.  
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The heat affected zone (HAZ) is located below the re-melted substrate material (Figure 2a and b), where the
β grain morphology remains unaffected, but displays dissolution of the substrate’s micro-scaled α phase, as
shown in Figure 2c. In specimen LP and HP, the re-melted material extended on average 305 µm and 366
µm respectively into the substrate, whilst the HAZ extended roughly 910 µm and 1090 µm respectively.

Deposited material in the LP specimen is generally characterised by pure β phase, with little to no nano-
scaled α precipitating even on grain boundaries as indicated with an arrow in Figure 3a. Conversely,
specimen HP displays significant nano-scaled α, both along grain boundaries and within grains (Figure 3b).

At the substrate interface of specimen LP, a marginal amount of α has precipitated along grain boundaries;
however, this is not consistent as indicated by the arrow in Figure 3c, which shows a grain boundary triple
point with incomplete grain boundary α. In contrast, specimen HP displays nano-scaled α along grain
boundaries and interiors (Figure 3d). A similar α morphology is found within the re-melted material of the
substrate (Figure 3e and f).

Figure 3 - SEM BSE images of specimen LP (a, c, e) and specimen HP (b, d, f) at various locations. (a
and b): 0.6 mm above the substrate interface within the second deposited layer. (c and d): at the

substrate interface. (e and f): 0.3 mm below the substrate interface within the re-melted material.

Microhardness
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The microhardness plots for specimen LP and HP, and their associated mapped locations are shown in Figure
4. Unaffected substrate material has a hardness of ≈310 HV. A fairly uniform microhardness distribution was
observed in the LP sample, with a maximum of approximately 320 HV around 1 mm below the substrate
interface. The deposited layers display slightly lower microhardness than the substrate at 300 HV. Specimen
HP is characterised by higher microhardness around the substrate interface: surpassing 390 HV. The
increased microhardness is suspected to be an outcome of the nano-scaled α precipitates.

Discussion

Beta-grain morphology

As previously mentioned, the β grain morphology within the re-melted material of the substrate would
appear to reflect that grain growth took place based on the pre-existing grain orientations i.e. epitaxial grain
growth occurred. 

Above the substrate interface, the columnar growth morphology dominated. The smaller β grains of
specimen LP are thought to be due to a greater number of incomplete melted powder particles that can act as
nucleation points for β grains. This is in line with research by Wang et al. who found that increasing the
powder feed rate promoted more equiaxed grains at the top of the melt-pool of LMD Ti-6-4 [13].

Figure 4 – Vickers microhardness mapping areas for specimen LP and HP (a), and the associated
distributions for specimen LP (b) and specimen HP (c).

Nano-scaled α precipitates

The microhardness of specimen HP is thought to be noticeably higher around the substrate interface due to
the precipitation of the nano-scaled α visible in Figure 3b, d and f. The heat flux from the melt-pool conducts
rapidly through previously deposited layers to diffuse into the substrate. The deposition of subsequent layers
produces additional heat fluxes that allow precipitation of α around the substrate interface and lower layers.
The additional laser power of specimen HP has provided additional heat to precipitate significantly more α
than specimen LP. This appears to have had a direct effect on the microhardness, not just within the
deposited layers, but also within the substrate material. The microhardness of this area is similar to as-forged
levels [14], and it is expected that the strength will be similarly high.
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Phase-boundary strengthening is the main method of strengthening β alloys [15]. It is clear that the
distribution of fine α laths around the substrate interface have dramatically increased the amount of α/β
phase boundaries, which consequently restricts the movement of dislocations. However, microstructures
consisting of sub-micron α often fail in a brittle manner as there is no ductile phase within the microstructure
to accommodate plastic deformation [14]. This is undesirable in many engineering applications; and,
considering that this area extends over 1 mm into the substrate, highlights the importance of LMD process
parameter optimisation.

The mechanism for the nano-scaled α precipitation is unclear in this case; however, it is hypothesised that ω
assisted nucleation has occurred. He et al. [16], demonstrated in laser surface re-melted Ti-55511 that
athermal ω phase is present in the re-melted zone. Subsequent ageing at 500oC precipitated nano-scaled α.
After 10 mins of ageing the microhardness had reached above 420 HV which is comparable to the HP
specimen in this study. Considering that the LMD blocks took ≈13 minutes to be built, it is feasible that the α
has precipitated via the same mechanism.

Conclusion

Ti-5553 has been deposited with two different laser power to powder feed rate ratios, that both produce
highly dense builds of equal heights. The low ratio specimen consisted of smaller β grains in the deposited
material and an almost pure β phase microstructure in both the deposited layers and HAZ. Conversely, the
high ratio specimen produced larger β grains, and precipitated nano-scaled α within the lower deposited
layers and the HAZ. This dramatically increased the microhardness of this area. The precipitation of the
nano-scaled α is thought to be facilitated by the greater heat flux of the higher laser power.

The precipitation of α within the HAZ makes it clear that process parameters need to be optimised to avoid
detrimental effects on the microstructure of the substrate for feature addition and component repair
applications.
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