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Abstract

This work presents a comprehensive study of the densification behavior, phase and microstructure development, hardness and wear
performance of commercially pure Ti parts processed by selective laser melting (SLM). An in-depth relationship between SLM process,
microstructures, properties, and metallurgical mechanisms has been established. A combination of a low scan speed and attendant high
laser energy density resulted in the formation of microscopic balling phenomenon and interlayer thermal microcracks, caused by a low
liquid viscosity, a long liquid lifetime, and resultant elevated thermal stress. In contrast, using a high scan speed produced the disorderly
liquid solidification front and considerably large balling, due to an elevated instability of the liquid induced by Marangoni convection. A
narrow, feasible process window was accordingly determined to eliminate process defects and result in full densification. The phase con-
stitutions and microstructural characteristics of SLM-processed Ti parts experienced a successive change on increasing the applied scan
speeds: relatively coarsened lath-shaped a! refined acicular-shaped martensitic a0 ! further refined zigzag-structured martensitic a0, due
to the elevated thermal and kinetic undercooling and attendant solidification rate. The optimally prepared fully dense Ti parts had a very
high hardness of 3.89 GPa, a reduced coefficient of friction of 0.98 and wear rate of 8.43 � 10�4 mm3 N�1 m�1 in dry sliding wear tests.
The formation of an adherent, plastically smeared tribolayer on the worn surface contributed to the enhancement of wear performance.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Additive manufacturing (AM) technology has experi-
enced more than 20 years of development and is presently
a rapidly developing advanced manufacturing technique
worldwide [1–4]. Unlike the material removal method in
conventional machining processes, AM is based on a
completely opposite philosophy, i.e. material incremental
manufacturing. AM implies layer-by-layer shaping and
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consolidation of feedstock (typically powder materials) to
a wide range of configurations, normally using a com-
puter-controlled laser as the energy source [5–7]. First, a
computer-aided design (CAD) model of the object to be
built is mathematically sliced into thin layers. The object
is then created by selective consolidation of the deposited
material layers with a scanning laser beam. Each shaped
layer represents a cross-section of the sliced CAD model.
AM technology accordingly offers a wide range of advanta-
ges such as net-shape fabrication without the need of
expensive moulds, direct production based on CAD mod-
els, high levels of process flexibility, and high material uti-
lization rates [8–10]. The current development focus of AM
technology is to produce complex shaped functional metal-
lic components, including metals, alloys and metal matrix
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Table 1
Chemical compositions of as-used CP Ti powder.

Element Ti Fe O C N H

Content (wt.%) Balance 0.03 0.19 0.02 0.04 0.005

3850 D. Gu et al. / Acta Materialia 60 (2012) 3849–3860
composites (MMCs) [4], that cannot be easily produced by
the conventional methods, in order to meet the demanding
requirements of the aerospace [11], automotive [12], rapid
tooling [13] and biomedical [14] sectors.

Direct metal laser sintering (DMLS) and selective laser
melting (SLM), which are capable of processing a wide
range of metals, alloys and MMCs, are presently regarded
as the most versatile AM processes [15–18]. In general,
DMLS is based on a liquid-phase sintering (LPS) mecha-
nism involving a partial melting of the powder (i.e. semi-
solid consolidation mechanism) [7,15]. SLM of metallic
powder, however, is based on a complete melting/solidifi-
cation mechanism [1,18]. The idea of full melting is sup-
ported by the continuously improved laser processing
conditions in recent years, e.g., higher laser power, smaller
focused spot size, thinner layer thickness, etc.

It should be noted that early attempts to process pure
metals using DMLS proved to be unsuccessful, due to
the considerably high viscosity and resultant balling phe-
nomenon caused by the limited liquid formation [15,19].
The insufficient densification and heterogeneous micro-
structures and properties are regarded as major problems
with DMLS-processed powder. Consequently, post-pro-
cessing treatment such as furnace post-sintering [20], hot
isostatic pressing (HIP) [11] or secondary infiltration with
a low-melting-point material [21] is normally necessary to
obtain the desired mechanical properties. The development
of SLM has been driven by the demand to produce fully
dense parts with mechanical properties comparable to
those of bulk materials and by the desire to avoid time-con-
suming post-processing cycles. In contrast to DMLS, the
density of SLM-processed pure metals can be improved
significantly up to 99.5% through the full melting mecha-
nism. More importantly, one of the major advances of
SLM lies in the possibility it offers to process pure metals,
e.g. Ti, Al, and Cu, which to date cannot be processed well
with DMLS [1,4].

Nevertheless, SLM requires higher energy levels, which
are normally achieved by applying a high laser power
and using a thin powder layer thickness (i.e., long building
time). SLM is therefore prone to suffer from instability of
the molten pool due to the full melting mechanism used.
A large degree of shrinkage tends to occur during liquid–
solid transformation, accumulating considerable stresses
in SLM-processed components. The complex residual
stresses arising during cooling are regarded as key factors
responsible for the distortion and even delamination of
the final parts. In addition, the melt instability may result
in spheroidization of the liquid within the molten pool
(known as the “balling” effect [22]) and attendant interior
porosity. Furthermore, SLM is characterized by extremely
high temperature gradients and a rapid solidification
nature, giving rise to the uncontrollable development of
non-equilibrium phases and microstructures. The stability,
configuration and thermal behavior of the molten pool
during SLM may determine, to a great extent, the occur-
rence of the above problems [1,4]. Normally, the molten
pool will exhibit multiple modes of heat and mass transfer,
and in some instances, non-equilibrium phase transforma-
tions during SLM. Both SLM processing parameters (e.g.
spot size, laser power, scan speed and layer thickness)
and powder material properties (e.g. particle size and mor-
phology, thermal conductivity and liquid surface tension)
play a large role in determining the metallurgical nature
of the pool and resultant microstructural and mechanical
properties of SLM-processed powder.

Commercially pure (CP) Ti, due to its good biocompat-
ibility and high mechanical strength, is typically used in
laser-based AM processes to produce tailor-made implants
for orthopedics and dentistry [23–26]. Load-bearing Ti
implants, e.g. hip joint replacement implants, are often sub-
ject to wear in specific areas [27]. However, the relatively
higher wear rate of traditional hip replacements is a cause
of serious concern due to osteolysis and aseptic loosening
[28], which is one of the major drawbacks limiting the life
of hip replacements [27,28]. Tribological and wear proper-
ties, accordingly, determine some of the biomedical applica-
tion capabilities of Ti implants. Nevertheless, to the best of
the authors’ knowledge, there are still no comprehensive
previous studies focusing on the inherent relationship
between the wear performance, constitution phases and
microstructures of laser additive manufactured CP Ti which
has wide potential applications in the biomedical industry.

In this work, SLM was applied to process CP Ti pow-
der, which typically demonstrates a high tendency for ball-
ing effect and porosity formation when processed using
DMLS [7]. The phase and microstructural developments
at various SLM processing parameters were studied and
the mechanical properties in terms of densification, hard-
ness and wear resistance were assessed. The aim of this
work is to establish a relationship between processing con-
ditions, microstructural characteristics, and mechanical
performance of CP Ti parts processed by SLM.

2. Experimental procedures

2.1. Powder material

CP Ti powder (ASTM Grade 2, supplied by TLS Tech-
nik GmbH, Germany) was used in this study; the chemical
compositions are listed in Table 1. The Ti powder had a
spherical shape (Fig. 1a) and particle size d50 = 19.5 lm
and d100 = 43.3 lm (Fig. 1b).

2.2. SLM process

The SLM system, as schematically depicted in Fig. 2a,
was developed by the Fraunhofer ILT and consisted



Fig. 1. (a) Particle morphology and (b) particle size distribution of the
starting CP Ti powder.

Fig. 2. (a) Schematic of SLM apparatus and (b) photograph of SLM-
processed Ti parts.
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mainly of a YLR-200 ytterbium fiber laser with a power of
�200 W and a spot size of 70 lm (IPG Laser GmbH, Ger-
many), an automatic powder layering apparatus, an inert
argon gas protection system, and a computer system for
process control. When specimens were to be prepared, a
Ti substrate was fixed on the building platform and leveled.
Argon gas with an outlet pressure of 30 mbar was fed into
the sealed building chamber and the resultant oxygen
content decreased below 10 ppm. A thin layer of the pow-
der, 50 lm thick, was then deposited on the substrate by
the layering system. Afterwards, the laser beam scanned
the powder bed surface to form a layerwise profile accord-
ing to the CAD data of the specimens. Based on a series of
preliminary experiments, the laser power (P) was optimized
at 90 W. Meanwhile, the scan speeds (v) were set at 100,
200, 300 and 400 mm s�1 by the SLM control program,
in order to change the processing conditions during one
batch of experiment. Four different “linear energy densi-
ties” (LEDs) of 900, 450, 300, and 225 J m�1, which were
defined by [29]:
LED ¼ Laser power;P
Scan speed;v

ð1Þ

were used to assess the laser energy input to the powder
layer being processed. A simple linear raster scan pattern
was applied, using a scan vector length of 4 mm and a
hatching spacing of 50 lm. The cubic specimens with
dimensions of 8 mm � 8 mm � 8 mm were built in a
layer-by-layer manner. The as-prepared CP Ti parts
showed a good surface finish without macroscopic balling
phenomenon and dimensional distortion (Fig. 2b).

2.3. Microstructural characterization

Phase identification was performed by X-ray diffraction
(XRD) using a D8 Advance X-ray diffractometer (Bruker
AXS GmbH, Germany) with Cu Ka radiation at 40 kV
and 40 mA, using a continuous scan mode. A quick scan
at 4� min�1 was first performed over a wide range of
2h = 30–90� to give a general overview of the diffraction
peaks. A slower scan rate of 1� min�1 was then used over
2h = 37.5–39.5� and 2h = 39.5–41.5� to obtain a more
accurate determination of the diffraction peaks. Samples
for metallographic examinations were cut, ground and pol-
ished according to standard procedures and etched with a



Fig. 3. XRD spectra of SLM-processed Ti parts at different processing
parameters, obtained over a wide range of 2h.
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solution consisting of HF (2 ml), HNO3 (4 ml) and distilled
water (94 ml) for 30 s. Microstructures were characterized
using a PMG3 optical microscopy (Olympus Corporation,
Japan) and by a Quanta 200 scanning electron microscopy
(SEM) (FEI Company, The Netherlands) in secondary
electron mode at 20 kV.

2.4. Mechanical properties tests

The density (q) of SLM-processed specimens was deter-
mined based on the Archimedes principle. Nanoindenta-
tion tests on the polished sections of SLM parts were
performed using a DUH-W201S nanoindentation tester
(Shimadzu Corporation, Japan) at room temperature. A
loading–unloading test mode was used and a test force
100 mN, a loading speed 1.3239 mN s�1 and a hold time
10 s were chosen. During measurements, the load and
indentation depth were recorded. The raw data were then
used to construct loading–unloading plots. The hardness
was defined as a ratio of the peak indentation load (Fmax)
to the projected area of hardness impression (Ac). The Oli-
ver–Pharr method [30] was applied to calculate the
dynamic nanohardness (Hd):

Hd ¼
F max

Ac
¼ F max

26:43h2
c

ð2Þ

where hc is the contact depth under the maximum indenta-
tion load. Dry sliding wear tests were conducted in a HT-
500 ball-on-disk tribometer (LanZhou ZhongKe KaiHua
Sci. & Technol. Co., Ltd., PR China) in air at room tem-
perature. Surfaces of specimens were ground and polished
prior to wear tests. A 3 mm diameter bearing steel GCr15
ball with a mean hardness of HRC60 was taken as the
counterface material and a test load of 3 N was applied.
The friction unit was rotated at a speed of 560 rpm for
30 min, with the rotation radius fixed at 2 mm. The coeffi-
cient of friction (COF) of the specimens was recorded dur-
ing wear tests. The wear volume (V) was determined
gravimetrically using:

V ¼ Mloss=q ð3Þ
where Mloss was the weight loss of the specimens after wear
tests. The wear rate (x) was calculated by:

x ¼ V =ðWLÞ ð4Þ
where W was the contact load and L was the sliding
distance.
3. Results and discussion

3.1. Phase identification

Typical XRD spectra of SLM-processed Ti parts
obtained within a wide 2h range (30–90�) are depicted in
Fig. 3. Diffraction peaks corresponding to hexagonal
close-packed (hcp) Ti (JCPDS Card No. 89-3725) were
generally detected in SLM-processed samples using
different processing parameters. The XRD characterization
within small 2h angles, as depicted in Fig. 4, revealed that
the exact 2h locations of the diffraction peaks for hcp Ti
apparently changed with the applied SLM conditions.
Here, the standard diffraction peaks for hcp Ti (a phase),
located at 2h = 38.446� (�38.45�) and 2h = 40.177�
(�40.18�), were taken for a comparison. At a relatively
low v of 100 mm s�1 and attendant high LED of 900 J
m�1, the 2h locations of the hcp Ti diffraction peaks of
SLM-processed part were entirely the same as that of the
standard a phase (Table 2). As the applied v increased
above 200 mm s�1, the 2h locations of the diffraction peaks
for hcp Ti generally shifted to higher 2h (Fig. 4). These hcp
Ti diffraction peaks corresponded to martensitic a0 phase.
A more significant shift of 2h locations to larger values
was detected on increasing the applied scan speeds (Table
2). When the highest v of 400 mm s�1 was used, the diffrac-
tion peaks for hcp a0 phase became considerably broadened
(Fig. 4) and the intensity showed a significant decrease
(Table 2), which implied the formation of considerably
refined crystals and microstructures in SLM-processed Ti
in this instance.

Theoretically, pure Ti exhibits an allotropic phase trans-
formation at 882 �C, changing from body-centered cubic
(bcc) crystal structure (b phase) at higher temperatures to
hcp crystal structure (a phase) at lower temperatures [31].
SLM of Ti proceeds via a complete melting and solidifica-
tion mechanism. The solidification behaviors of the molten
pool with complete liquid formation, including thermal
history, liquid flow and solidification rate, determine the



Fig. 4. XRD spectra in the vicinity of the standard diffraction peaks of hcp Ti phase (a) 2h = 38.45� and (b) 2h = 40.18�, showing the variation of
constitution phase in SLM-processed Ti parts at different processing parameters.

Table 2
XRD data showing the displacement and intensity variation of identified peaks for hcp Ti phase.

Sample 2h location (�) Intensity (CPS) 2h location (�) Intensity (CPS)

Standard (PDF No. 89-3725) 38.45 40.18
900 J m�1, 100 mm s�1 38.45 614.91 40.18 1719.7
450 J m�1, 200 mm s�1 38.48 619.91 40.22 1659.8
300 J m�1, 300 mm s�1 38.56 689.90 40.26 1814.7
225 J m�1, 400 mm s�1 38.62 394.94 40.24 1204.8
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phase transformation in the finally solidified materials. As
a general rule, laser melting offers high heating/cooling
rates (103–108 K s�1) leading to the possibility of develop-
ing non-equilibrium phases [32]. In the present study, it is
found that the phase formation in SLM-processed Ti is
determined by the applied laser scan speed and LED, i.e.

(i) b! a (v = 100 mm s�1);
(ii) b! martensitic a0 (v P 200 mm s�1).

Essentially, the laser scan speed influences the phase
transformation by changing the operative undercooling
degree and solidification rate. In the laser solidification
process, the local growth velocity of solidification front,
vs, can be calculated directly by measuring the angle (h)
between vs and laser scan speed v [33]:

vs ¼ v cos h ð5Þ
The thermal undercooling and kinetic undercooling

within the pool can be expressed respectively as follows [34]:
DT t ¼
DH f

cl
p

F IvðP tÞ ð6:1Þ

P t ¼
vsR
2DT

ð6:2Þ

where DHf is the heat of fusion (J mol�1), cl
p is the specific

heat of the liquid (J mol�1 K�1), FIv is the Ivantsov func-
tion, Pt is the thermal Péclet number, R is the curvature ra-
dius of the crystal tip (m), and DT is the thermal diffusivity
(m2 s�1).

DT k ¼
vs

k
ð7:1Þ

k ¼ DH f v0

kBT 2
L

ð7:2Þ

where k is the interfacial kinetic coefficient, v0 is the speed
of sound (m s�1), kB is the Boltzmann constant, and TL is
the liquidus temperature (K). At a low v, the input LED
during line-by-line scanning is relatively high, leading to
an elevated thermalization of the energy and attendant
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higher SLM temperature. Due to a significant thermal
accumulation within the molten pool, the effect of quench-
ing that occurs by conduction of heat through the substrate
is not significant in this situation, favoring the complete
transformation of b! a phase after solidification. On
increasing the applied laser scan speed, the solidification
rate of the liquid front within the pool increases (Eq. (5)),
thereby enhancing both thermal undercooling (Eq. (6))
and kinetic undercooling (Eq. (7)). The significantly en-
hanced temperature gradients within the pool result in
martensitic transformation, leading to the formation of a0

phase in the finally solidified Ti parts (Fig. 4). According
to Bragg’s law [35]

2d sin h ¼ nkðn ¼ 1; 2; 3; . . .Þ ð8Þ
the observed increase of 2h at a higher scan speed (Fig. 4
and Table 2) indicates a decrease in the lattice plane dis-
tance d, which is believed to be caused by the prevailing
martensitic transformation. Normally, the occurrence of
martensitic transformation is accompanied by microscopic
volume expansion, which in turn creates stresses at grain
boundaries that may influence the lattice parameters [36].

3.2. Surface morphology

Fig. 5 illustrates the characteristic surface morphologies
of SLM-processed Ti parts observed at a relatively low
magnification. The surfaces of Ti parts processed at scan
speeds of 100–300 mm s�1 were completely dense, showing
no apparent pores or cracks. Continuous scan tracks with
sound intertrack bonding were generally formed. Small-
sized metallic balls with diameter of tens of micrometers
(“balling” effect) were occasionally observed on the sur-
faces (Fig. 5a–c). At an even higher v of 400 mm s�1,
although the surface was almost fully dense, several clus-
ters of microsized balls were formed on the surface, increas-
ing its roughness significantly (Fig. 5d).

Surface observation at a higher magnification, as shown
in Fig. 6, revealed some interesting variations in solidifica-
tion features (e.g. liquid flow and balling initiation behav-
iors) at different SLM parameters. At a relatively low v of
100 mm s�1 and resultant high LED of 900 J m�1, a large
amount of considerably small-sized balls with diameters
below 10 lm were formed along the solidified liquid front
(Fig. 6a), implying the occurrence of balling effect at a
microscopic scale. Interestingly, at a reasonable v of
200 mm s�1, a clear and regular liquid solidification front
free of any balling phenomenon was observed, yielding sta-
ble and continuous scan tracks (Fig. 6b). On increasing v to
300 mm s�1, however, the liquid solidification front started
to become irregular and, meanwhile, a small number of balls
were present (Fig. 6c). At an even higher v of 400 mm s�1,
the liquid solidification front became considerably disor-
derly, producing interrupted scan tracks and large-sized
balls on the tracks (Fig. 6d). A close examination of Figs.
5 and 6, accordingly, revealed the following two aspects of
problems under the extreme SLM conditions:
(i) too low v and too high LED resulted in microscopic
balling phenomenon (Fig. 6a);

(ii) too high v resulted in turbulent liquid solidification
front and significant balling occurrence (Figs. 5d
and 6d).

During SLM, the dynamic viscosity l of a molten pool
consisting entirely of Ti liquid is dependent on temperature
T and can be assessed by [37]:

l ¼ 16

15

ffiffiffiffiffiffiffiffi
m

kBT

r
c ð9Þ

where m is the atomic mass and c is the surface tension of
Ti liquid. Using a lower v leads to a longer dwelling time of
the beam on the surface of molten pool and attendant high-
er LED input to the pool, thereby enhancing the operative
T significantly. The dynamic viscosity of the Ti liquid with-
in the pool accordingly decreases. The combined influence
of a long liquid lifetime and a low viscosity results in a high
degree of overheating of the liquid and attendant elevated
melt instability. A number of small-sized liquid droplets
tend to splash from the liquid front being solidified, due
to the reduction in the surface energy of liquid at short
length scales (Fig. 6a).

On the other hand, as revealed in Eqs. (6) and (7), when
localized powder melting occurs during laser scanning, sig-
nificant temperature gradients will be formed within the
molten pool. The temperature gradients in the pool give
rise to surface tension gradients and resultant Marangoni
convection. The formation of such convective streams
within the pool tends to increase the magnitude of the ther-
mocapillary force and resultant instability of the liquid
[38]. The higher the applied scan speed, the more significant
the Marangoni convection and liquid capillary instability
effect will be. The liquid surface flow, consequently, occurs
from a region of low surface tension to a region of high sur-
face tension, changing the direction of liquid flow from
radially outward to inward [39]. The radially inward flow
causes the liquid to spheroidize towards the laser beam cen-
ter and increases the tendency for the formation of rela-
tively coarsened balls (Figs. 5d and 6d). In this situation,
the advancing liquid solidification front is significantly dis-
turbed due to the presence of large balls and, thus, becomes
interrupted after solidification (Fig. 6d).

3.3. Densification behavior

The cross-section microstructures of Ti parts processed
using various SLM parameters are provided in Fig. 7. Lay-
erwise microstructural features were generally observed,
due to the layer-by-layer incremental deposition manner
of the SLM process. Nevertheless, the microstructures
on cross-sections, e.g. the configuration of the solidified
molten pool, residual porosity and layer distribution state,
were found to be dependent on the SLM conditions used.
At a relatively low v of 100 mm s�1 and a high LED of
900 J m�1, thin, narrow microcracks with an average



Fig. 5. SEM images showing typical surface morphologies of SLM-processed Ti parts using various processing parameters: (a) 900 J m�1, 100 mm s�1; (b)
450 J m�1, 200 mm s�1; (c) 300 J m�1, 300 mm s�1; (d) 225 J m�1, 400 mm s�1.

Fig. 6. SEM images showing liquid flow characteristics on the corresponding surfaces in Fig. 5a (a), Fig. 5b (b), Fig. 5c (c), and Fig. 5d (d).
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length of �400 lm were present between the neighboring
layers (Fig. 7a), producing 3.3% porosity in the SLM part.
Dense, metallurgically bonded layers without any inter-
layer pores or cracks were formed as the v increased to



Fig. 7. Optical microscopy images showing interlayer microstructures on cross-sections of SLM-processed Ti parts at different processing parameters: (a)
900 J m�1, 100 mm s�1; (b) 450 J m�1, 200 mm s�1; (c) 300 J m�1, 300 mm s�1; (d) 225 J m�1, 400 mm s�1.
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200 mm s�1. The as-solidified molten pools generally had a
clear configuration, typically showing a stable solidification
front (Fig. 7b). At a higher v of 300 mm s�1, although the
cross-section microstructure of SLM part was still fully
dense, the distribution state of the layers became uneven.
The structures of solidified molten pools were elongated
along the laser scan direction (Fig. 7c), implying a signifi-
cantly elevated thermodynamics of the pool as the scan
speed increased. In these two instances, the obtainable den-
sification rate of SLM parts generally approached 99.5%.
At an even higher v of 400 mm s�1 and attendant low
LED of 225 J m�1, irregularly shaped micropores with a
mean size of �30 lm were formed in the interlayer areas
(Fig. 7d), thereby increasing the residual porosity of the
SLM part to 5.7%.

The microcracks formed at a low v and attendant high
LED (Fig. 7a) are believed to be thermal cracks caused
by residual thermal stresses. During the SLM densification
process, shrinkage occurs rapidly once the powder material
becomes fully molten. A nominally flat powder bed surface
becomes a curved surface or a recessed region due to the
effect of densification caused by conversion of loose pow-
der to dense liquid [40]. The shrinkage and resultant devel-
opment of residual stresses during SLM have been studied
using finite-element modeling (FEM) by Dai and Shaw [41]
and an analytical solution has been given by Xiao and
Zhang [42]. The dominant mechanism inducing residual
stresses in a SLM part is the tendency of the cool-down
phase of the molten top layer to shrink due to the thermal
contraction; meanwhile, however, such a deformation is
inhibited by the underlying previously processed layers.
Zhu et al.’s study on the shrinkage behavior of metallic
powder during laser melting [43] reveals that the thermal
shrinkage for a chosen material increases as the input laser
power P increases or the scan speed v decreases, i.e. as the
operative LED increases (Eq. (1)). Consequently, consider-
able thermal stresses tend to generate and accumulate in
the SLM part being solidified. The microcracks as illus-
trated in Fig. 7a are typically caused by hot cracking. Their
formation is ascribed to the interruption of liquid film at
grain boundaries in the solidification temperature range,
due to the action of the tensile stresses [44]. Theoretical
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and experimental studies by Mercelis and Kruth [45] have
revealed that, in general, the residual stress profile in a
SLM part consists of two zones of large tensile stresses at
the top and bottom of the part, and a large zone of inter-
mediate compressive stress in between. Therefore, the
microcracks resulting from tensile stress (Fig. 7a) are typi-
cally located between two neighboring layers (i.e. on the
top or bottom of two individual layers).

On the other hand, the formation of micropores at a
high v (Fig. 7d) is ascribed to the occurrence of the balling
phenomenon (Fig. 5d). The balling effect results in the for-
mation of discontinuous scan tracks and interball porosity
as a current layer is processed. Furthermore, during the
layer-by-layer SLM process, the balling effect is a severe
impediment to a uniform deposition of the fresh powder
on the previously processed layer. During laser melting of
such an uneven powder layer, especially as a high scan
speed is applied, the movement front of the molten pool
and the melt inside undergoes a significant disturbance
and even interruption. Consequently, it is difficult to fill
completely the interball pores on the surface of the previ-
ous layer with the melt, hence causing interlayer pores
and a limited densification response (Fig. 7d).

3.4. Microstructural evolution

The characteristic crystalline structures of SLM-pro-
cessed Ti parts developed under various processing condi-
tions are shown in Fig. 8. At a relatively low v and
resultant high LED, relatively coarse lath-shaped grains
were present (Fig. 8a), which were identified as a phase
by XRD (Fig. 4). As the v increased to 200 mm s�1, the
martensitic transformation occurred (Fig. 4) and the
formed a0 phase changed into a relatively refined acicular
Fig. 8. Optical microscopy images showing characteristic microstructures of S
100 mm s�1; (b) 450 J m�1, 200 mm s�1; (c) 300 J m�1, 300 mm s�1; (d) 225 J m
shape (Fig. 8b). At an even higher v P 300 mm s�1, the
crystalline structures of martensitic a0 phase were further
refined, changing into a zigzag form with a size <10 lm
(Fig. 8c and d). The significant grain refinement of a0 phase
at 400 mm s�1 and 225 J m�1 was also confirmed by the
presence of the considerably broadened a0 diffraction peaks
with a low intensity in the XRD analysis (Fig. 4 and
Table 2). Therefore, combined with the phase and micro-
structure studies (Figs. 4 and 8), the XRD and optical
microscopy analysis revealed that on increasing the laser
scan speed and attendant undercooling degree and solidifi-
cation rate (Eqs. (5)–(7)), the microstructural features of
SLM-processed Ti experienced an interesting change as
follows: relatively coarsened lath-shaped a! refined acicu-
lar-shaped a0 ! further refined zigzag-structured a0.

3.5. Hardness and wear performance

Fig. 9a depicts the nanoindentation load–depth curves
measured on the polished sections of SLM-processed Ti
parts. The indentation depths of the parts processed at a
low v of 100 mm s�1 (1.2762 lm) and a high v of
400 mm s�1 (1.1389 lm) were larger than those of the parts
prepared using the optimal scan speeds (1.0168 lm at
200 mm s�1 and 0.9869 lm at 300 mm s�1). The corre-
sponding dynamic nanohardness Hd values (2.32 GPa at
100 mm s�1 and 2.92 GPa at 400 mm s�1) were consider-
ably lower than those obtained at scan speeds of
200 mm s�1 (3.66 GPa) and 300 mm s�1 (3.89 GPa), as
revealed in Fig. 9b. Nevertheless, the SLM-processed Ti
parts, for all the given processing parameters, demon-
strated superior hardness property compared to conven-
tional powder metallurgy (PM) processed Ti with a
typical hardness of �1 GPa [46]. In general, residual
LM-processed Ti parts at different processing parameters: (a) 900 J m�1,
�1, 400 mm s�1.



Fig. 9. (a) Loading–unloading curves and (b) calculated nanohardness
obtained by nanoindentation tests on Ti parts processed using various
SLM parameters.

Fig. 10. (a) COF and (b) wear rate of SLM-processed Ti parts under
different processing conditions.
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stresses are quite large in layer-by-layer fabricated SLM
parts, but residual stresses are not always disadvantageous
[45]. On the premise of a sufficiently high densification
without the formation of cracks or pores (Fig. 7b and c),
the retention of a reasonable level of residual stress in
SLM-processed parts favors the enhancement of hardness
[47]. Moreover, the significant grain refinement effect
(Fig. 8c) due to laser rapid solidification favors a further
increase in the obtainable hardness.

Fig. 10 depicts the variations of COF and wear rate with
sliding time for all four SLM-processed Ti samples.
Detailed SEM studies of the corresponding worn surfaces
are shown in Fig. 11 and the underlying mechanisms for
the formation of various topographical features were pro-
posed to be as follows. In general, the COF values for each
specimen exhibited a relatively steady-state behavior with
few local fluctuations. Nevertheless, the applied SLM con-
ditions for various Ti samples exerted a significant influ-
ence upon the obtainable wear performance. At a
relatively low v of 100 mm s�1, the average COF reached
a high value of 1.41 (Fig. 10a), resulting in a considerably
elevated wear rate of 1.19 � 10�3 mm3 N�1 m�1 (Fig. 10b).
The worn surface primarily consisted of parallel, deep
grooves representing abrasion wear. The presence of loose
fragments at the edges of grooves revealed the local severe
deformation and plowing of the surface during sliding.
Some irregular shaped debris in the form of particles was
also observed on the wear surface (Fig. 11a). On increasing
v to 200 mm s�1, the worn surface showed much shallower
grooves, free of any loose abrasive fragments (Fig. 11b),
thereby reducing the mean COF and attendant wear rate
to 1.16 and 8.82 � 10�4 mm3 N�1 m�1, respectively
(Fig. 10). Interestingly, using a reasonable v of 300 mm s�1,
the worn surface of Ti sample became rather smooth and
was found to be covered with adhesion tribolayer
(Fig. 11c). The lowest COF of 0.98 and wear rate of
8.43 � 10�4 mm3 N�1 m�1 were accordingly obtained
(Fig. 10). In this situation, due to the full densification
response (Fig. 7c), the formation of refined a0 martensitic



Fig. 11. SEM images showing characteristic morphologies of worn surfaces of SLM-processed Ti parts at: (a) 900 J m�1, 100 mm s�1; (b) 450 J m�1,
200 mm s�1; (c) 300 J m�1, 300 mm s�1; (d) 225 J m�1, 400 mm s�1.
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microstructure (Fig. 8c), and the enhancement of hardness
(Fig. 9), the protective tribolayer can easily smear plasti-
cally on the surface being slid [48]. It is thus reasonable
to consider that the mechanism of material removal during
sliding changes from abrasion (Fig. 11a) to adhesion of the
tribolayer (Fig. 11c). Such a transition favors the reduction
in wear rate after sliding. For SLM Ti sample processed at
an even higher v of 400 mm s�1, although the localized for-
mation of tribolayer was still observed on the worn surface,
severe spalling and delamination of the tribolayer occurred
(Fig. 11d). The obtained COF value 1.29 and wear rate
1.08 � 10�3 mm3 N�1 m�1 showed a significant increase
in this case (Fig. 10).

A close comparison of the phase constitutions (Fig. 4),
densification response (Fig. 7) and microstructural features
(Fig. 8) of SLM-processed Ti parts reveals that the limited
hardness and wear performance of the part processed at a
low scan speed and a high LED is ascribed to: (i) the insuf-
ficient densification rate due to the formation of thermal
microcracks (Fig. 7a); and (ii) the formation of relatively
coarsened grains (Fig. 8a). For an SLM part processed at
a high scan speed, although the formation of considerably
refined martensitic a0 phase (Fig. 8d) should favor the
improvement in hardness and wear property, the limited
densification behavior of the powder due to the presence
of interlayer micropores (Fig. 7d) weakens the ultimate
performance of the as-processed Ti part.
4. Conclusions

(1) The densification activity of SLM-processed CP Ti
parts was controlled by the applied scan speed v

and attendant LED. A combination of low v of
100 mm s�1 and high LED of 900 J m�1 resulted in
microscopic balling phenomenon and interlayer ther-
mal cracks, due to a low liquid viscosity, a long liquid
lifetime and resultant elevated thermal stresses. Using
a high v 400 mm s�1 produced a disorderly liquid
solidification front and a significant balling effect,
due to an enhanced instability of the liquid caused
by Marangoni convection. Both defects, which were
caused by inaccurate laser process control, lowered
the densification rate. The fully dense Ti parts were
achieved when a suitable process window (v of 200
and 300 mm s�1, LED of 450 and 300 J m�1) was
properly determined.

(2) The phase constitutions and microstructural features
of SLM-processed Ti parts experienced a successive
change: relatively coarsened lath-shaped a! refined
acicular-shaped martensitic a0 ! further refined zig-
zag-structured martensitic a0, as the applied laser scan
speed increased, due to the elevated thermal and
kinetic undercooling and attendant solidification
rate.
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(3) Both the insufficient densification caused by thermal
microcracks (100 mm s�1) and interlayer micropores
(400 mm s�1) and the formation of relatively coars-
ened a grains (100 mm s�1) resulted in limited hard-
ness and wear performance. The optimally prepared
Ti parts (300 mm s�1 and 300 J m�1) had a very high
hardness of 3.89 GPa and a reduced COF of 0.98 and
wear rate of 8.43 � 10�4 mm3 N�1 m�1. The forma-
tion of an adherent, plastically smeared tribolayer
on the worn surface improved the wear performance.
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