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Long-term fixation of biomedical implants is achievable by using porous materials. These kinds of materials can
produce a stable bone-implant interface. A critical aspect in production of porous implants is the design of macro
and micro pores. In this research, a micro direct metal deposition process, newly developed as a potential method
for implant production, was used to fabricate porous NiTi parts. The effect of process parameters on formation

and distribution of micro pores was analysed using micro computed tomography and scanning electron micros-
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copy. The analysis showed that, by increasing the laser scanning speed, inherent micro porosity increases. Also, it
was found that there is an optimum temperature to achieve minimum inherent micro porosity by micro direct
metal deposition which is 300 °C for NiTi powder.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Porous metallic implants are promising due to their inherent low
elastic modulus which is close to the stiffness of real bone. Moreover,
porous structure promotes osseointegration in fabricated implants [1].
Generally, orthopaedic porous scaffolds should mimic the morphology,
properties and microstructure of real bone which includes micro
(<20 um) and macro (>100 um) pores [2]. Different methods exist for
porous materials fabrication. Some methods such as casting, vapour de-
position and especially additive manufacturing, allow a greater control
over pore size and distribution. By these methods, open-cell porous
structures are possible to be fabricated. On the other hand, there are
other methods such as decomposition of foaming agents in either mol-
ten or powder metal matrices, which allow lower control over the char-
acteristics of pores. Using these methods result in close-cell porous
structures [3]. Many works have been conducted on production of po-
rous scaffolds with macro pores using additive manufacturing methods
such as selective laser melting (SLM) [4,5] and laser engineered net
shaping (LENS) [6,7]. In additive technologies, macro pores are possible
to implement using computer-aided design (CAD). In addition, two dif-
ferent categories of micro pores can be obtained in laser melted parts.
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Melting process can cause the formation of the first category of micro
pores. We use the term inherent micro porosity for the micro pores
that are formed by melting process. This kind of porosity is non-
controlled and substantial. Also, we use the term controllable micro
porosity for pre-defined micro pores which can be manipulated by
change in hatch distances or strategy of scanning as two main important
process parameters in laser melting. Micro direct metal deposition
(UDMD) is an additive manufacturing technique that produces parts
with micro features from metal powders, using direct metal deposition
(DMD) concept [8]. LDMD uses low energy laser beam to promote melt-
ing in an inert environment within a chamber. Orthopaedic implants
with inherent and controllable micro porosities can be fabricated by
uDMD due to the specific process parameters of this technique. Control
over the architecture of micro pores is essential for porous scaffolds to
serve as a bone implant [9,10]. An evolution from random distribution
of micro pores to pre designed porosity based on specific process pa-
rameters is important to control the functional behaviour of porous
scaffolds. Regular architecture of micro pores permits cells to be seeded
in the core much more readily than random architecture scaffolds [11].
Porosity, spatial distribution and morphology of micro pores have im-
pact on mechanical and biological properties of porous implants. Design
of micro pores inside the materials for biomedical application is still
under research. It is possible to control micro pore's percentage by
adjusting of process parameters. Despite there is no direct control on in-
herent micro pore's shape, it is possible to indirectly control the
predefined micro pore's shape by changing process parameters such
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as hatch distance and scanning strategy as demonstrated in this
research. In this paper, the effects of uDMD process parameters in
obtaining fully dense NiTi were investigated. Moreover, the effects of
UDMD process parameters on porosity, micro pore's shape and distribu-
tion were analysed.

2. Materials and methods

Mechanically alloyed nickel-titanium powder produced by MBN
Nanomaterialia (Italy) with a Ni:Ti ratio of 50.8:49.2 (atomic %) was
used in this research as a starting material. Characteristics of the powder
are given in Table 1 and described in more details elsewhere [8]. MSL50
micro laser sintering machine (Manudirect Company, Italy) with a
continuous fibre laser (YLM-100-WC, IPG, wavelength: 1070 nm),
maximum power of 100 W and 30 pm minimum laser spot diameter
was used to implement single tracks, thin walls and small cubes. A
schematic representation of the system is shown in Fig. 1. Using a
heating stage and Argon filled chamber, it is possible to increase
and control the temperature of parts during the process. Fabrication
of thin walls with different process parameters is the easiest way to
investigate the effect of input energy on inherent micro pore's morphol-
ogy and distribution in laser melted parts. To achieve the thickness of
each layer produced by a single laser scan, a series of single tracks
were processed using different scanning speeds (V), powder feeding
rates (RF,) and substrate temperatures (T) as shown in Table 2 and
Fig. 2(a). The heights of single tracks were measured using a state-of-
the-art 3D optical profiler (Sensofar Plu Neox, SENSOFAR-TECH, SL,
Spain) operating in confocal mode [12] by calculating of arithmetic
mean values of heights from horizontal sections on each single track
(Fig. 2(b)).

288 thin walls were produced according to Table 3. The overlap was
considered constant for all successive layers in each wall and was driven
from Eq. (1).

Overlap length

Overlap’ = Layer thickness

x 100% 1)

Fig. 3 schematically shows the overlap between the successive layers.
The heights of thin walls were measured by 3D optical profilometry,
using the same procedure of single tracks.

Micro X-ray computed tomography (UCT) is a three-dimensional
(3D) non-destructive imaging technique that allows the investigation
of internal and external structures of parts and small features,
with micrometric resolution [13,14]. In this research, uCT is used
to analyse the porosity in 3D volume of laser melted parts. Such in-
formation can be used to improve the uDMD process; for example,
to minimize porosity by varying uDMD parameters. UCT can also be
used for quality control in laser melting process. The samples were
scanned using a metrological UCT system (Nikon X-Tek MCT225,
Nikon Metrology/X-Tek Systems Ltd., UK) with 225 kV micro-focus
X-ray source, 3 pm focal spot resolution, flat panel detector with
2000 x 2000 pixels (16 bit), and temperature-controlled cabinet.
The samples were placed on a rotating stage and a number of two-
dimensional (2D) X-ray projections were acquired at various angu-
lar positions. Such projections were used to reconstruct a 3D model,
by means of a filtered back-projection algorithm. The used CT scan-
ning parameters are listed in Table 4. Distribution and volume of
internal pores were analysed using commercial volume imaging
software (VG Studio MAX, Volume Graphics GmbH, Germany). The
porosity percentage related to the central part of each wall (shown

Table 1
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Fig. 1. Schematic representation of micro direct metal deposition system.

in red in Fig. 4) was provided by calculating the total volume of pores
against the total selected volume.

Controllable micro pores were implemented by varying uDMD pro-
cess parameters. To analyse the effect of scanning strategy on controlla-
ble micro pore's morphology and distribution, different strategies based
on the angles between tracks (6r) and layers (6;) were examined in this
research to produce NiTi cubes. According to Table 5, five different strat-
egies were employed to produce 5 NiTi cubes on titanium substrates
(Fig. 5). Shape, sizes and distribution of micro pores in NiTi cubes
were analysed using a scanning electron microscope (SEM) (Quanta
450, FEI). Porosity measurements were conducted on polished spec-
imens, by performing image analysis of SEM micrographs. Also, the
effect of hatch distance (dy) on micro pore's morphology was inves-
tigated using this technique. To investigate the surface quality of
laser melted NiTi cubes, roughness was measured using 3D optical
profilometry.

3. Results and discussion

3.1. The effects of UDMD process parameters on geometry and inherent
micro porosity of thin walls

In this chapter the effects of layer overlap, scanning speed and sub-
strate temperature on the height of single tracks and thin walls are pre-
sented. Moreover, the effects of these parameters on quantity and
distribution of inherent micro pores are described. Total input energy
produced by uDMD can be calculated using Eq. (2). [15]:

P
b =v<azxa @
where P is power of laser, d is diameter of laser focus spot; V is the
scanning speed and AZ is the pre-defined thickness of each layer. In-
crease in layer thickness and scanning speed as main uDMD process
parameters results in decrease of input energy in laser melting ac-
cording to Eq. (2). Low input energy causes discontinuous single
tracks and inhibits the formation of 3D parts. On the other hand,
at very high level of input energy, the temperature of melt pool

Table 2
UDMD process parameters used to produce NiTi single tracks.

Characteristics of initial powder. Laser  Scan spged Powder feec_iing Substrate lnterpal energy
power (mm/min) rate (mg/min) temperature  density (k]/mm?)
Nickel (%) Titanium (%) Particle size [um] (W) (°C)
NiTi powder 50.8 49.2 28-35 30 70,100, 150,200 0.76, 1.26 200, 300,400 0.3,04,0.6,0.85
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Fig. 2. (a): SEM image of NiTi single tracks produced by uDMD (RF,: 1.26 mg/s), (b): 3D optical profiles of NiTi single tracks.

increases and evaporation of material may occur. High surface quality
and high level of densification are obtainable by adjusting the scanning
speed and thickness of layers. Moreover, other parameters such as pow-
der feeding rate and substrate temperature can affect the formation of
3D parts by uDMD. Heating the substrate can accelerate the formation
of melt pool even at low input energies. As it can be seen in Fig. 6(a),
when the powder feeding rate isn't enough to form a continuous single
track, heating of substrate hasn't significant effect on 3D part formation
especially at high velocities. But, by increasing the feeding rate from
0.76 mg/s to 1.26 mg/s (Fig. 6(b)), the effect of substrate's temperature
is more sensible. From Fig. 6(b), it can be easily understood that an in-
crease in scanning speed reduces the height of single tracks. Moreover,
high temperature of substrates facilitates the formation of 3D parts and
increases the height of single tracks. In other words, high temperature
can compensate the effect of high scanning speed and maintain the
rate of growth.

Single track's height can be considered as nominal layer thickness
which is possible to produce with specific tDMD process parameters.
Nominal height (NH) of a thin wall which consists of successive single
tracks can be simply calculated using Eq. (3):

NH=nxH 3)
Table 3
UDMD process parameters used to produce NiTi thin walls.
Laser  Scanning speed  Powder Substrate Number Overlap%
power (mm/min) feeding rate temperature  of layers
W) (mg/min)  (°C)
30 70,100, 150,200 0.76, 1.26 200, 300,400 2,5,10,30 0,10,30
--------------------------------------- Overlap
Layer thickness Second layer length
(Az) !

i First layer
I

Fig. 3. Schematic of layer array and overlap between layers.

where NH is the nominal height of thin wall, n is the number of layers
and H is the nominal thickness of single track. As can be seen in
Figs. 7, 10% overlap between the layers in thin walls decreases the differ-
ence between the nominal height and the experimental height. It's no-
table to say that, the experimental heights are usually more than
expected nominal heights driven from Eq. (3); this can be attributed
to the temperature of substrate. In fact, accumulation of heat input, in-
creases the temperature of melt pool and subsequently the rate of melt-
ing. Fig. 6(b) shows that by increase in substrate temperature, the
height of single tracks and consequently the thickness of layers in thin
walls increases. Geometry analysis using uCT scanning revealed that,
by inserting the overlap between the layers in upDMD process, regular
thin walls are obtainable (see Fig. 8(b,d)). The rate of growth at the be-
ginning and the end of wall is more than in the central parts of the walls
without interlayer overlap. This can be attributed to the layer thickness.
As stated before, high pre-defined AZ for laser movement results in low
input energy which inhibits 3D part formation (Fig. 8(a,c)). However,
higher parts exist at the beginning and the end of thin walls because
of more exposure time that occurs when the laser changes the direction
of travelling between the layers. As it can be seen in Fig. 8(c,d) , by in-
creasing the temperature of substrate from 200 °C to 300 °C, the heights
of thin walls totally increase. Similar heat treatment was proposed by
Shishkovsky et al. [16] to obtain dense and crack-free NiTi parts by
laser melting. Twelve different thin walls were selected for inherent
micro porosity analysis using UCT. The results are included in Table 6
which shows that the mean size of inherent micro pores is almost the
same for all thin walls (approximately equal to 20 pm) and is indepen-
dent of process parameters. As stated before, these micro pores are pro-
duced by melting and have spherical shapes. As it was observed by SEM
analysis, which will be presented later, inherent micro pores have diam-
eters in the range of 2-50 um. However, pores with diameters below

Table 4
CT scanning parameters.
Voltage 170 kv
Current 59 pA
Exposure time 2000 ms
Nr. of projections 1500
Filter 0.25 mm, copper
Voxel size (6 pm)3
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Fig. 4. pCT analysis of thin walls produced by uDMD and inherent micro pore analysis at the central part (red shaded areas).
Table 5
Scanning strategies used to produce NiTi cubes.
Strategy Track's angle (61) Layer's angle (6;) 1st layer 2nd layer 3rd layer 4th layer
sateay ‘ ’ ! 1] 1] 1]
Strategy B 0 90 HH E H“ E
eteRy© ° o 1] M 1] M
steay 0 ° [T [T [ [T
Strategy E 180 90 l T l ] — l 1 ] —

P =25W,V = 150 mm/min, dy = 100 pm, T = 200 °C, RF,;: 0.76 mg/s.

12 pm (i.e. volumes below about 8 voxels) were not considered in the
UCT analysis, as they were considered too near the puCT resolution limit
and hence they could be influenced by the noise of uCT data. Inserting
the overlap between the layers at constant temperature decreases the
inherent micro porosity percentage. The distribution of inherent micro
pores in thin walls with 30% overlap between the layers is likely to be
more homogenous in comparison with the walls without interlayer
overlap, as it is shown for example in Fig. 8(a) and (b). From Fig. 9(a),
it was concluded that heating the substrate up to 300 °C can reduce
the inherent micro porosity percentage in NiTi thin walls. However,

ubstrates !! (3

increasing the temperature of substrate up to 400 °C caused to increase
in porosity percentage. This phenomenon can be explained by evapora-
tion of NiTi because of high temperature of melt pool. This high temper-
ature comes from the accumulation of input energy of pDMD process
and temperature of substrate. Same trend also exists for the walls
with 30% overlap between the layers (Fig. 9(b)).

According to Fig. 10, remelting the previous layer in the wall with
overlap can reduce the inherent micro porosity in these walls. In
fact, the effect of temperature in uDMD is twofold. Because of small
laser focal spot in uDMD, input energy and consequently melt pool

NiTi cube

2

Fig. 5. (a): Steel 316 L holder and Ti pellet substrates, (b) NiTi cubes produced by pDMD.
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Fig. 6. Effect of scanning speed and substrate temperature on the height of single tracks produced by uDMD with (a) 0.76 mg/s and (b) 1.26 mg/s powder feeding rates.
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Fig. 7. Effect of layer overlap in fabrication of NiTi thin walls by uDMD.
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Fig. 8. Effect of layer overlap and temperature of substrate on shape and inherent micro porosity distribution of thin walls (a): T = 200 °C, V = 150 mm/min, %0V = 0%, porosity = 1.49%,
(b): T=200 °C, V = 150 mm/min, %0V = 30%, porosity = 0.98%, (c): T = 300 °C, V = 70 mm/min, 0V = 0%, porosity = 1.01%, (d): T = 300 °C, V = 70 mm/min, %0V = 30%,
porosity = 0.79%.
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Table 6
Inherent micro porosity analysis of NiTi thin walls using pCT scanning.

Wall V (mm/min) T(°C) OV% dyp (um) Porosity (%) Mean height (mm)

1 70 200 0 19.64 0.84 0.9

2 150 200 0 18.07 1.49 1.37
3 70 200 30 19.27 0.92 143
4 150 200 30 21.00 0.98 1.63
5 70 300 0 2034 0.72 113
6 150 300 0 2034 1.01 1.1
7 70 300 30 2034 0.72 1.61
8 150 300 30  20.00 0.79 1.46
9 70 400 0 18.07 1.29 1.14
10 150 400 0 1763 1.37 0.78
11 70 400 30 1849 0.96 1.47
12 150 400 30 19.27 0.85 1.13

P: 30 W, NH: 1 mm, dyyp: mean diameter of inherent micro pores, OV%: overlap.

temperature are so high. Moreover, overlap between the layers in-
creases the input energy produced by uDMD process and consequently
increases the melt pool temperature. Generally, high temperature in
laser melting process results in high density product formation that
was reported by others [17]. But, using elevated temperature for sub-
strate and overlap between the layers at the same time in uDMD
encourages evaporation in the melt pool and increases the porosity
(see Fig. 10).

3.2. The effect of uDMD process parameters on controllable micro porosity

As presented in the previous section, melting can produce inherent
micro pores with spherical shape and about 20 pm mean pore sizes. It
is not easy to manipulate the size, morphology and distribution of inher-
ent micro pores. But, controllable micro pores are possible to fabricate
using specific process parameters and CAD models [18]. Hatch distance
and strategy of scanning are two important parameters in uDMD and
their effects on micro porosity of NiTi cubes is discussed in this section.
Strategy of scanning can affect the surface quality and pore characteris-
tics of the parts produced by uDMD. To evaluate the effect of hatch dis-
tances on micro porosity formation in laser melted products, 3 cubes
were fabricated by 3 different hatch distances. As shown in Fig. 11(a),
when the hatch distances are small, there are overlaps between the sin-
gle tracks and consequently the micro pores are small and the distribu-
tion of pores is not homogenous. Increase in hatch distances decreases

® V=70 mm/min
Overlap: 0 %

i (a) V=150 mm/min
1.49
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1.2
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Fig. 10. Effect of layer overlap and temperature of substrate on inherent micro porosity of
NiTi thin walls produced by pDMD.

the overlap between the tracks. This makes the morphology of pores
more regular. Fig. 11(a) shows that near fully dense structure has
been formed using 100 um hatch distance. For further investigation,
five NiTi cubes with different scanning strategies were fabricated ac-
cording to Table 5 using 100 um hatch distances.

Fig. 12 shows the scanning electron micrographs after polishing of
NiTi cubes produced by different strategies of scanning according to
Table 5. As it can be seen in Fig. 12, when a 90° rotation is applied be-
tween the layers (strategy B and E), the distribution of micro pores is
more homogeneous and the pores are smaller and more rounded in
comparison with the other strategies. Quantitative micro pore analysis
of NiTi cubes produced by different scanning strategies is presented in
Fig. 13, which shows that different strategies of scanning produce differ-
ent porosity percentages and different pore sizes. Also, the trends of
both graphs related to porosity percentages and micro pore sizes are
the same. It is noteworthy that in the data presented in Fig. 13, both in-
herent and controllable micro porosity have been considered. So, it can

® V=70 mm/min

V=150 mm/min

Overlap: 30 %

o (b)

0.96
0.92

0.6

Porosity (Volume%)

0.4

0.2

200 300 400
T(°C)

Fig. 9. Effect of scanning speed and temperature of substrate on inherent micro porosity of NiTi thin walls produced by pDMD (a): without overlap between the layers, (b): with 30% over-

lap between layers.
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Fig. 11. SEM micrographs of top surface of NiTi cubes produced by puDMD with (a) 100 um, (b) 150 pm, (c) 200 pm hatch distances. (T = 200 °C, P = 30 W, V = 100 mm/min, AZ = 4 um,

RF,: 1.26 mg/s, strategy of scanning: strategy B according to Table 5).

be concluded that, using the same puDMD process parameters and differ-
ent scanning strategies it is possible to manipulate the micro pore's size
and morphology, which can be used to produce porous scaffolds with
specific porous structures.

As stated before, bone ingrowth is not only dependent from pore
size and porosity percentage but also from pore shape. Using image
analysis method, it's possible to define pore's shape distribution in 2D
images taken by SEM. P is the percentage of pores with specific range
of circularity values (C) and can be written as:

Pc = (Nc / Ny x 100% (4)

where, N¢ is the number of micro pores with defined range of circu-
larity and N, is the total number of micro pores in selected 2D area. A

Strategy D, 01=180, 0.=0

Strategy E, 01=180, 0.=90

circularity value of 1.0 indicates a perfect circle. As the value approaches
0.0, it indicates an increasingly elongated polygon. As shown in Table 7,
the maximum number of rounded micro pores (circularity: 0.6-1) is re-
lated to strategy E that confirms the previous findings.

Surface roughness of NiTi cubes produced by different scanning
strategies was measured using 3D optical micrographs that are pre-
sented in Table 8. Table 8 shows that despite of lateral irregularity
of NiTi cubes which have 90° rotation between successive layers
(strategy B and E), the surface roughness of these two strategies
are lower than the other strategies. In other words, the quality of sur-
face is better when the angle between tracks and layers are 0 and 90
respectively. Also, using strategies B and E, results in minimum po-
rosity percentage and minimum average pore size as presented be-
fore in Fig. 13.

Smaller inherent micro pores

Fig. 12. SEM micrographs were taken of top surface of NiTi cubes produced by (a) strategy A, (b) strategy B, (c) strategy C, (d) strategy (D), (e) strategy E of scanning according to Table 5,

(f) small inherent micro pores in higher magnification.
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Fig. 13. Total porosity percentages and mean value of micro pore's sizes in laser melted
NiTi cubes produced by different strategies of scanning.

Table 7
Micro pore's shape analysis of NiTi cubes produced by different scanning strategies
according to Table 5.

Strategy Pc. 0-03 Pc:03-06 Pc:06-1
Strategy A 55 47 18
Strategy B 53 50 18
Strategy C 56 46 14
Strategy D 54 45 12
Strategy E 44 40 27
Table 8
Surface quality of NiTi cubes.
Strategy Track's angle Layer's angle Ra (um) Total porosity (%)
Strategy A 0 0 61.45 4.43%
Strategy B 0 90 39.28 2.50%
Strategy C 0 180 65.71 4.04%
Strategy D 180 0 103.96 5.52%
Strategy E 180 90 52.46 3.51%

4. Conclusions

The effects of micro direct metal deposition process parameters on
evolution of inherent and controllable micro porosities in NiTi parts
were analysed by means of scanning electron microscopy (SEM)
and micro X-ray computed tomography (uCT) and discussed in this

research. Main achievements of this work are summarized in the
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