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ABSTRACT

Additive manufactured hybrid Ti6Al4V composites are an interesting research area with potentials 
to advance structural applications of Ti6Al4V in aeronautical engineering, for instance in turbine 
engine components. Experimental research has demonstrated that adding wear resistance particles 
during additive manufacturing is a sure way of improving the mechanical properties of Ti6Al4V alloy 
for better applications where surface coatings are carried out. This paper investigates the effect of 
laser power on hybrid Ti6Al4V metal matrix composites (MMCs). Microstructure, hardness and wear 
rate analyses were carried out and meticulously reported.

3 kW Nd: YAG laser power was used for coatings which involved the combination of particles of 
Ti6Al4V, B4C and BN on Ti6Al4V alloy substrate at laser power variation of 1400 W and 2000 W, 
respectively. Results of microstructure showed well distributed BN - B4C particle free from cracks 
and pores thus contributing to an excellent overall result. 50% overlapping multiple coating tracks 
were cut to specification for the microhardness test and the wear test was carried out using the dry 
sliding technique, under dry sliding conditions of 2 mm stroke length at room temperature with a 
WC ball counterbody. The response of the effect of laser power on the hardness and wear of the 
manufactured part was reported as observed by SEM and X-ray diffraction spectroscopy.
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1. INTRODUCTION 

This paper focuses on additive manufacturing (AM) as applied to metal-ceramic hybrid coatings built 
on a Ti6Al4V alloy substrate. It addresses AM challenges and strategies for improvement as they 
relate to the development of new material for industrial AM applications. 

Additive manufacturing is being used as a new coating technology that results in very fast and reliable 
production process.  It allows for greater design flexibility, which may increase thermal control 
during the manufacturing process [1]. AM of metal-ceramic hybrid coatings are explored in relation 
to laser power and other important AM processing parameters. Manufacturing companies have 
continued to benefit from adapting their work flow to include AM. A good example is the Canadian 
jewellery company (Vowsmith) that was able to cut its production and delivery time by 50% as a 
result of moving to AM. Additive manufactured materials have demonstrated that they possess 
mechanical properties that are sufficient to withstand harsh environments equally, if not better than 
materials produced by other traditional manufacturing processes [2 -4]. This innovative technology 
has been predicted to increase lifespan and also reduce environmental impact of functional 
composite materials more sustainably [2 & 4]. Additive manufacturing has been shown to be effective 
in improving the mechanical properties of existing parts of turbine engines, as a valuable 
maintenance technique for repairing damaged camshafts, Valve, piston pins, crank shafts, Valve 
tappets, spring retainers and connecting rods, and also in improving friction parts for automotive
applications, such as brake pads [5-8].

Additive manufactured Ti-Zr-BN composites was developed with superior mechanical properties 
compared to pure Ti substrate, additives such as Zr and BN were used to improve surface and bulk 
properties of Ti substrate. The combined addition of Zr and BN produced a Ti-Zr alloy matrix with 
BN particle and in situ phase-reinforced microstructure that showed improved mechanical 
properties. Results obtained from their investigations demonstrated that reactive-deposition based
additive manufacturing creates unique coatings and net-shape alloyed structures with enhanced 
surface and bulk properties of titanium for standard engineering applications [9].

Musibau et al (2017) conducted a research on Ti6Al4V alloy - B4C system. Microhardness analysis 
showed that the composites deposited at a laser power of 2000 W exhibited the highest hardness 
value of HV 445 compared to the composites deposited with 800 W. Further characterization revealed
that at laser power of 800 W, wear loss and wear rate of 35.2 × 10–3 mm3 and 6.42 × 10-4 mm3/Nm
were obtained respectively [10]. Although, the motivation to improve the material properties of 
Ti6Al4V alloy was achieved compared to the as received Ti6Al4V alloy, a hybrid system of Ti6Al4V 
alloy - B4C – BN is however, proposed in this paper to perform better in terms of hardness and wear 
resistance for more advance application.

2. METHODOLOGY

2.1. Materials and equipment

Ti6Al4V alloy powder and B4C and BN powders as reinforcement particles were used to produce metal 
matrix composites (MMCs) coatings deposited onto wrought Ti6Al4V alloy substrates in order to 
produce samples for examination. The Ti6Al4V powder is gas-atomised with particle size 45-90 µm
the BN powder has a particle size 150-200 µm and the B4C powder 32-45 µm. The wrought TiAl4V 
alloy substrates were cut to dimensions as 102 mm x 102 mm x 7 mm, sandblasted and the surface 
was cleaned with acetone to enable good bonding of the AM deposited hybrid coating of Ti6Al4V 
embedded with B4C and BN reinforcement particles. The AM MMC coated samples were prepared for 
metallography using typical preparation methods for titanium and etched using Krolls reagent. 
Microstructural examination was carried out using optical microscope (OM). 

Scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) were used to 
characterize the fabricated materials. 



96RAPDASA 2019 Conference Proceedings

Hardness examination was carried out using Vickers hardness tester on samples for microhardness 
profiling. A load of 500 g was used at a dwelling time of 15s, and the distance between the 
indentations was 10 µm, according to ASTM E384 - 11e1 standard [9, 12].

Dry sliding wear experiment was done on a microtribometer module (CETR UMT-2) tribometer with 
operating linear reciprocating motion drive, produced by Centre for Tribology, Inc. FESEM, JSM-
7600F, Jeol, Japan). 2 samples of 20 × 10 mm of hybrid MMC coated samples were cut to size and 
tungsten carbide ball of 10 mm diameter was used as the counterbody and the tests were done in 
ambient air environment without lubrication. This method allows the use of flat lower sample and 
a ball-shaped upper specimen made of WC ball which slides against the samples and moves relatively 
to one another in a linear motion under a prescribed set of condition. Dry wear experiment was 
repeated on the two samples using 25N and 15N load respectively. These loads were applied 
uprightly downward through the ball specimen which automatically moves perpendicular against the 
horizontally mounted samples with a stroke length of about 2.0 mm. 5 Hz Frequency, 5 mm/s speed 
and test duration of 1000 seconds. The coefficient of friction (COF) and wear depths were monitored 
continuously under dry sliding condition in which wear track were measured using debris analysis. 
Wear rates of composite material under applied load were further calculated according to Archard’s 
wear model equations [11, 12 and 13] which are generally expressed as:

Wear Rate: A general equation for wear rate is (Archard, 1953).

=                (1)

=
 

              (2)

Where Vi– the wear volume and ki the wear rate (index i identifies the surface considered), F is 
applied load, s the sliding distance or stroke length Ls.

2.2. Additive manufacturing experiment

AM of the MMC coating was carried out with the aid of a laser metal deposition system with a 3 kW 
Nd:YAG laser to create a melt pool [14] while the Ti6Al4V powder along with the reinforcement 
phase ceramic particles were simultaneously supplied through a three hopper feeder system [15,16 
and 17]. Argon is used as a protective process gas to ensure an oxygen and nitrogen free process 
environment. The powders were fed through a continuous coaxial deposition nozzle, with laser beam 
diameter of 4 mm. The mechanism involves the nozzle creating a stream of particles to enable their 
flow into a spot of the focused laser beam [18, 19]. Variations in laser power of 2000W and 1400 W 
were evaluated. The composition of the powder feed was kept constant as 3.6 Ti6Al4V -3BN-0.3B4C
vol. % in order to create a consistent metal matrix composite coating. The processing parameters 
for the experiments are reported in Tables 1-3.

Table 1:  Processing parameters / Hardness Investigation.
Sample Laser 

power 
(W)

Scanning 
Speed 

(g/min)

Powder 
flow rate, 
Ti6Al4V 
(m/min)

Powder 
flow rate, 

BN 
(m/min)

Powder 
flow rate, 

B4C 
(m/min)

Hardness 
Value 

(Hv0.5)

Average 
Hardness 

Value 
(AHv0.5)

S1 2000 1.0 3.6 0.2 0.2 659.3 543.9
S2 1400 1.0 3.6 0.2 0.2 628.8 476.4
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Table 2: Wear 
.

Sample Laser 
power 

(W)

Scan 
Speed 
(g/min)

Powder 
flow 

rate,Ti
6Al4V 

(m/min)

Loa
d

(N)

COF Wear 
Depth
,  Wd 
(

Wear 
track 

radius, 

Stroke 
length,  

Width
, W 

W1 2000 1.0 3.6 25 0.11 66 881.39 1146.83 669.29
W2 2000 1.0 3.6 15 0.03 12 1080.82 1684.30 321.22
W3 1400 1.0 3.6 25 0.01 35 886.45 983.27 493.26
W4 1400 1.0 3.6 15 0.02 40 654.22 1696.58 450.50

Table 3: Calculated wear rate from experiment.

Samples Wear rate (K) x 10-4 (mm3 /Nm)
W1 22.2
W2 23.8
W3 5.1
W4 5.7

3. RESULTS

3.1. Microstructure investigation

Figure 1 shows the microstructure of well distributed particle of Ti6Al4V - B4C - BN MMCs at 2000 W 
revealing few dark sports of un-melted particles. The spectrum shows that there is nitrogen and 
boron which also confirms the addition of Boron Nitride from the experiment.

Figure 1: SEM / EDS: 2000 W, 3.6 Ti6Al4V - B4C - BN MMC showing dark sport.

The dark sports were confirmed by EDS to be predominantly Nitrogen and Boron with nitrogen having 
a higher percentage.

Figure 2 also shows a dark spot of an un-melted particle. EDS spectra confirms an un melted Boron 
and Carbide with Boron as the predominant element.
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Figure 2: 1400 W, 3.6 Ti6Al4V + 0.1 B4C + 0.1 BN MMC.

3.2. Hardness evaluation of hybrid Ti6Al4V MMCs

Figure 3 represents a comparison of average hardness value and Hardness Value of the hybrid MMC 
coatings. Hardness value and the average hardness value of MMCs was directly related to the laser 
power, increasing as the laser power increases from 1400 W to 2000 W. The average hardness value 
of all the indentation value from the coated region to the substrate was considered and represented 
in figure 3 as well.

Figure 3: Comparison of average hardness value and hardness value of Ti6Al4V - B4C - BN 
MMCs at 2000 W and 1400 W.

3.3. XRD Evaluation of fabricated hybrid Titanium MMCS

3.3.1. XRD Evaluation of Ti6Al4V - B4C - BN MMCs at 1400 W Laser Power

Figure 4 presents the XRD of the developed hybrid Ti-B4C-BNMMC coating. At 1400 W, it was observed 

(Osbomite), Boron Nitride, TiB, Band N compound. These compounds are intermetallic compounds 
with remarkable mechanical properties of hardness close to that of diamond [20-22].
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Figure 

4: XRD pattern of 3.6 Ti6Al4V - BN - B4CMMCs fabricated at 1400 W.

3.3.2. XRD Evaluation of TI6Al4V - B4C - BN MMCS at 2000 W laser power

Figure 5 show XRD of the developed Hybrid Titanium MMC for 3.6 Ti - 0.2 B4C - 0.2 BN MMC system. 
It was also observed that phases within the coating region where predominantly characterized as 
different phases containing N, TiN, Ti and BN compound. The XRD spectra of 3.6 Ti - 0.2 B4C - 0.2 
BN MMCs revealed the phases in the cladded zones of the modified Ti6Al4Valloy.
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Figure 5: XRD pattern of 3.6 Ti6Al4V - B4C - BN MMCs at 2000 W.
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3.4. Wear rate characterization of Ti6Al4V - BN - B4C MMCs

Wear volume / loss WV/L, was calculated using the stroke length, width and depth of wear obtained 
from experiment. The wear rate was characterized by irregular behaviour as the reinforcement 
particles increased with load [23].

WL = Ls [Rp
2 sin-1 ( ) - (Rp-Wd)] + Wd

2 (3Rp - Wd) (3)

Where WL is the wear loss calculated from the length of stroke (Ls), width (W) and wear depth (Wd)
measured from the wear region respectively.

Wd= Rp – (Rp
2 –W2/4)1/2 (4)

Where the pitch radius (Rp) can be calculated [19]. The wear depth was obtained from the wear 
result analysis and the width of wear scar was used to evaluate the pitch radius (Rp) as seen in 
equation (5) below.

=
   

(5)

Figure 6 shows the wear behavior of samples (W 1- W 4). It was however noted that the wear rate 
was higher for W2 due to effect of lower load. However, the effect of laser power was very obvious.

W3 and W4 at lower laser power of 1400 W showed lower wear rate compared to W1 and W2 
fabricated at 2000 W. The wear rate therefore increased with reduction in applied load and laser 
power.

Figure 6: Wear Rate of Ti6Al4V - BN - B4C MMCs with response to laser power and load 
variation.

CONCLUSION

Microstructural result showed well distributed Ti6Al4V - BN - B4C particles that formed a hybrid 
MMCs. Proper control of process parameter like the flow rate, laser power, particle distribution and 
volume percent concentration contributed to the excellent result of the Hybrid MMCs system.

Laser power had a direct effect on the fabricated Ti6Al4V - BN - B4C MMCs. It was however 
demonstrated that lower laser power had better hardness result which was attributed to a well 
distribution of hard phase of the hybrid fabricated MMCs.  Hardness results of MMCs were noted to 
decrease as the laser power decreased and increased as the laser power increased from 1400 W to 
2000 W respectively.
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Wear rate increased with reduction in applied load and laser power. It is clear that the AM fabricated 
MMCs could function better with good wear property at low laser power and low applied load. 
Parameters like d p

the determination of wear rate which informed 
the wear mechanism of the hybrid MMCs. From calculations, Wear parameters had direct effect on 
the overall wear mechanism of the hybrid system. Understanding their individual effect did however 
help to understand the wear mechanism of the AM system.

In conclusion, going by the result obtained from this paper, it is clear that, the hardness and wear 
properties were better compared to a single additive system of Ti6Al4V - B4C and Ti-Zr-BN MMCs 
reviewed earlier. This means that the hybrid MMCs developed from this experiment demonstrates 
better applications due to the combined effect of strengthening and hardening effects induced by 
B4C and BN. These additives enhanced the surface and bulk properties resulting to a well refined 
Ti6Al4 grains.
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