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Abstract:

A comparison was made between layer-by-layer laser melting (LM) of two types of
feedstock powders: (1) elemental powder blend and (2) mechanically alloyed powder. LM
was done by Nd:YAG laser at 1064 nm (max. average power 100 W) in argon ambience.
Samples synthesized were Cu-Ti-TiB, rectangular tracks (20x6x1 mm), and input parameters
of the process: powder layer thickness 100-250 pum, hatch spacing 1 mm, pulse length 4 ms,
energy 4 J, pulse repetition rate 20 Hz. Part of the samples was heat-treated in argon at 900
°C, 10 h. Structural characterization of the samples was done using light microscope and
scanning electron microscope (SEM). Chemical analysis of the as-obtained laser melted
samples was done by inductively coupled plasma-atomic emission spectrometry (ICP-AES). It
was established that the microstructure of LM samples was comprised of Cu-Ti and Cu-B
solid regions, and in situ formed microparticles of primary TiB,. Only after high-temperature
thermal treatment has the secondary TiB, occurred. Tensile tests showed much higher
strengthening in heat-treated samples with mechanically alloyed powder as starting material,
where the formation of secondary TiB, nanoparticles was considerable.

Keywords: Cu-Ti-TiB, alloy; Blending and mechanical alloying; Laser melting; Heat
treatment; In situ TiB, reinforcements.

1. Introduction

Laser melting (LM) is a unique additive manufacturing (AM) technology for
production of complex-shaped objects with mechanical properties comparable to bulk
material. Also, LM is one of few Rapid Prototyping (RP) techniques used for obtaining of
composite materials [1-3]. SLM is controlled through set of parameters comprising process
parameters [4], properties of powders subjected to radiation [5] and physico-chemical
parameters of the process [6]. It is considered that the most important parameters in the
process of laser melting are: laser power, scanning speed, hatch distance and layer thickness.
These parameters were the ones mostly studied in the investigations related to this area.
However, in order to obtain 3D compact of desired properties, numerous other parameters are
not to be neglected. Aside from parameters related with laser and interaction process between
laser beam and powder, there was a lot of research on parameters connected with starting
material, i.e. their effect on microstructural, physical and mechanical characteristics of the
final product. Particularly, the influence of shape [7] and size distribution [8] of the individual
powder particles was studied, as well as the influence of powder tapped density and surface
oxidation degree on the properties of LM compact [9]. Apart from these parameters, one of
the important conditions for obtaining compacts with desired properties in metal alloys and
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composites is certainly preparation of powders for laser melting. Starting materials for
production of 3D compacts by laser melting can be mixtures of elementary powders,
prealloyed powders of the appropriate composition, or coated powders where particles of one
metal are coated with particles of another metal [10]. All of these three ways have their
advantages and disadvantages depending on the nature and composition of the constituents
comprising alloy or composite. The advantage of using prealloyed powders is a homogeneous
chemical composition of the material. The downside is a weaker control of the melting
process due to dependence of the laser melting parameters (temperature, viscosity and surface
tension) on the bulk composition. In mixed powders, a better control is achieved regarding
viscosity and surface tension compared to prealloyed powders, however the wetting is poorer,
as well as the kinetics of liquid phase spreading which is generally longer that the melt pool
life time. Coated powders provide better bonding and higher absorption of laser energy. On
the other hand, problem which can occur with these powders is a sublimation of impurities in
the coating.

The aim here was to investigate the effect of the mixture of elementary powders, i.e.
mechanically alloyed powders of the same composition, on the formation of TiB,
reinforcements in copper matrix during the process of obtaining Cu-Ti-TiB, composite by
laser melting. Copper is a material of choice when high thermal and electrical conductivity
are required, and various copper-based composites are developed for improving its
mechanical properties [11]. Composite Cu-Ti-TiB, was selected due to its potential,
considering its properties [12], as well as future applications in military industry [13] and
nuclear technique [14, 15]. This multiple (precipitation and dispersion) strengthened material
is superior in structural stability to the precipitation hardenable alloys (such as Cu-Ti, Cu-Cr,
Cu-Zr, etc.), because the second phase (TiB,) has no tendency to dissolve at high
temperatures [16], a characteristic of the precipitation hardenable alloys . Also, since the
second phase is inert, it reduces electrical conductivity only to the extent that it reduces the
cross-section of the material. Thus, electrical conductivities of the order of 80-95 % IACS can
be achieved [17].

2. Materials and Experimental Procedures

Starting powders employed in experiments were: water atomized copper, titanium
produced by hydride-dehydride processes (both size <63 um, 99.5 % purity), and amorphous
boron obtained by reduction of boron oxide (size <0.08 um, 97 % purity). Feedstock powders
used were: (1) elemental powder blend, and (2) mechanically alloyed (MA) powder, with the
goal of comparing their behavior during SLM. In case of powder blend, the ratio was Cu-1Ti-
0.35B (wt.%) and homogenization was done for 1 h. The second powder was obtained by
mixing for 1 h binary powders Cu-2wt%Ti and Cu-0.7wt%B which were first separately
mechanically alloyed for 24 h. MA was done in argon using steel balls (diameter 6 mm), with
ball/powder ratio 5:1 and stirring speed 330 rpm. Experiments were done in argon ambient,
and rectangular samples of Cu-Ti-TiB, (20x6x1 mm) were obtained in layer-by-layer manner
using Nd:YAG millisecond laser. Process parameters employed were as follows: pulse
repetition rate 20 Hz, pulse duration 4 ms, energy ~4 J, hatch distance 1 mm, and layer
thickness ~100 um/250 pm for mixed/MA powders. Some picese were thermally treated at
900 °C for 10 h in Ar. Chemical analysis of the as-obtained laser melted samples was done
using inductively coupled plasma-atomic emission spectrometry (ICP-AES). Concentration of
TiB, compound was determined from the internal standards formed for the referent samples
of this compound.

Microstructure of the starting powders and LM samples was investigated by optical
microscope (OM), as well as scanning electron microscope (SEM) connected with energy
dispersive x-ray spectroscope (EDS). Metallographic preparation for OM comprised grinding,
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polishing and etching in KLEM III solution (40 g K,S, 11 ml N,S,0; and 100 ml H,0).
Density of the obtained samples was measured by Archimedes method in water. Ultimate
tensile strength and elongation to fracture were tested on Instron universal testing machine
(crosshead speed 0.5 mm/min, room temperature). Fractured surfaces were also observed with
OM and SEM.

3. Results and Discussion

Morphology of the mixed powder for LM is shown in Fig. 1. The majority of Cu
particles have irregular shape with the presence of some smaller rounded particles. Titanium
particles were also irregularly shaped with sharp edges. It can be seen that the particles of
alloying elements were uniformly distributed around the base Cu particles, i.e. the mixture
was dominantly homogeneous which is critical for uniform absorptance of laser beam and
melting. However, some agglomerations consisting of small particles can be clearly observed
in given images. EDS analysis showed the presence of certain, not significant amount of
oxygen on the surface of copper and titanium particles.

Cu Ti B O Total
Spectrum 1 99.8 0.2 100.0
Spectrum 2 742 256 0.2 100.0
Spectrum 3 99.8 0.2 100.0
Spectrum 4 99.9 0.1 100.0
Spectrum 5 99.8 0.2 100.0
Spectrum 6 536 463 0.1 1000

Fig. 1. Homogenized mixture of powders Cu-1Ti-0.35B (wt.%): a) OM; b) SEM.

Fig. 2 shows mechanically alloyed Cu-Ti, i.e. Cu-B powders (MA duration 24 h),
with characteristic layers formed due to deformation, fracturing and welding of soft particles
[18] leading to their microforging (Fig. 2a, b). Chosen milling parameters enabled alloying of
copper particles with titanium and boron to a significant degree, which was confirmed with
SEM images (Fig. 2c, d) and EDS quantitative analysis. The presence of boron could be
identified only at higher magnification. Compared to mixed powders, number of
agglomerated boron particles in mechanically alloyed Cu-B particles was lower.

Through LM process Cu-Ti-TiB, 3D samples (~15 layers) were obtained, Fig. 3.
Laser melting process was conducted so that in both cases (mixed and mechanically alloyed
powders) building parameters of synthesis, as well as the content of alloying elements was the
same.
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Spectrum1 29 969 02 100.0
Spectrum2 3.1 96.7 0.2 100.0
Spectrum3 984 14 0.2 100.0

Cu B O Total
Spectrum1 459 539 0.2 100.0
Spectrum 2 434 56.5 0.1 100.0
Spectrum 3 596 402 02 100.0

Fig. 2. Mechanical alloyed powders: microstructures of a) Cu-Ti particles; b) Cu-B particles ;
morphology and EDS analysis of ¢) Cu-Ti particles; d) Cu-B particles.

Fig. 3. SLM part of Cu-Ti-TiB, alloy from mechanically alloyed powder, obtained under
process parameters of 20 Hz; 4 ms; 4 mJ.

The overall porosity in laser melted samples from mixed powder was about 15 %.
Due to in situ formation of TiB, particles and their rapid growth surface of the formed layer
had prominent roughness, which led to a lot of empty space between melted layers, Figs. 4a
and 4b. In laser melted samples with mechanically alloyed powder, Figs. 4c and 4d, there was
not enough time for larger number of primary TiB, particles to form, nor for higher degree of
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their coarsening. Particles were mostly formed on solid region boundaries. For that reason,
melted layers were flatter and the overall porosity was lower, around 8 %.

Temperatures during interaction of laser beam with powder particles of copper alloys
under these experimental conditions can reach 4000-5000 K, which enables formation of TiB,
dispersoids by rapid solidification from these temperatures [19]. In compacts where the
starting material was comprised of blended powders, preferential locations for formation of
these ceramic particles were between base metal particles, although they could be formed also
on the starting titanium particles. It can be noted from Figs. 4a and 4b that considerably large
(even up to 10 pm) TiB, particles were formed. Formation of ceramic particles this big in the
course of laser melting, as well as their wider size distribution, is characteristic for in situ
obtaining of TiB, in liquid phase [20]. Most frequent locations for the formation of primary
TiB, particles in compacts where the starting material were mechanically alloyed powders,
were borders between Cu-Ti and Cu-B solid regions, where alloying elements are closest to
one another. Formed TiB, particles were significantly smaller (submicron size and somewhat
above 1 um, Fig. 4c and 4d) than in previous case, due to longer diffusion paths titanium and
boron atoms had to pass in order to form diborides.

Cu Ti B O Total
Spectrum1 1.7 522 46.0 0.1 100.0
Spectrum2 4.1 475 482 0.2 100.0

Cu Ti B O Total
Spectrum1 50 485 463 0.2 100.0
Spectrum2 7.2 526 401 0.1 100.0
Spectrum 3 73.1 26.7 0.2 100.0

Fig. 4. Microstructure of Cu-Ti-TiB, samples produced by SLM of: a, b) blended powders; c,
d) mechanical alloyed powders.
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Fig. 5 shows UTS values for Cu-Ti-TiB, 3D compacts obtained by laser melting of
blended, i.e. mechanically alloyed powders. Values refer to the samples tested before and
after appropriate heat treatment.

600

500

. )
o y
2 300
2 /
D 200 7
100 47
ol

LM: Blend 'LIVI+TO: Blend LM: MA LM+TO: MA'

Fig. 5. UTS values of Cu-Ti-TiB, laser melted samples before and after heat treatment.
Elongations were 1.5-6 %.

Obtained tensile strength values in both laser melted samples were low, which was
expected due to significant presence of pores and cracks. Based on pore shape, conclusion
regarding their origin could be made. Most common reasons for the formation of pores in the
structure were weaker chemical bond, especially larger, TiB, particles and copper matrix,
their falling out during preparation of samples for tensile tests (irregular pore shape, Fig. 4a,
b) and vaporization of the base metal during laser melting (spherical pore shape, Fig. 4b).
Residual stresses characteristics for laser melting process (rapid heating and cooling cycles)
are the cause for the occurrence of cracks in the structure of these samples (Fig. 4d). Of
course, the number of present microstructural defects could be lowered or completely
eliminated through appropriate treatments prior to and after laser melting (e.g. by substrate
heating before laser melting process or sintering under pressure to reduce or eliminate
porosity). Optimization of the process parameters was not priority in this work, but the focus
was on the formation of primary and secondary TiB, particles and exclusively their influence
on the tensile properties of Cu-Ti-TiB, alloy. Somewhat higher UTS value in laser melted
sample with mechanically alloyed powder is a consequence of better density and the presence
of smaller number of coarser primary TiB, particles. By heat treatment at 900 °C, 10 h, we
wanted to initiate the formation of secondary TiB, nanoparticles. Chosen heat treatment
conditions were, according to literature [21], optimum for the formation of secondary TiB;
particles. We noticed subtle reduction of porosity in both samples (from 15 to 12 % in
samples with blended powder, i.e. from 8 to 6 % in samples with mechanically alloyed
powder). Still high pore content and large number of coarse primary formed TiB, particles did
not allow for a more significant increase in UTS, as well as ductility (from 1.5 to 2 %) in heat
treated samples where blended powder was used as a starting material. The discussion was
supported by fractographic and chemical analysis. Fig. 6 shows longitudinal and transversal
section of the fracture in laser melted samples after the heat treatment. In both longitudinal
(crack propagation direction, Fig. 6a) and transversal section (fracture surface, Fig. 6b) of the
fracture in the laser melted samples where blended powder was a starting material , large
TiB, particles could be observed as a preferential spot for the formation and propagation of
cracks. The obtained value for UTS was an indicator that there were very few free Ti and B
atoms in this sample for the formation of secondary TiB, particles. This was also confirmed
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by chemical analysis (Tab. 1), which shows almost unchanged content of TiB, particles before
and after the heat treatment.

10 pm}

Cu Ti B O Total
Spectrum1 26 605 36.7 0.2 100.0
Spectrum2 3.1 56.3 404 0.2 100.0

Cu Ti B O Total
Spectrum1 7.5 623 30.1 0.1 100.0
Spectrum2 6.7 571 36.0 02 100.0

Fig. 6. Longitudinal (a, c) and transversal (b, d) section of the fracture in laser melted Cu-Ti-
TiB, samples after the heat treatment.

Tab. 1. Chemical analysis of the laser melted samples prior and after thermal treatment at 900
°C, for 10 h.

Starting powder SLM prior HT SLM after HT

Blended Cu-O.:_%Ti-O.lB- Cu-O_.2Ti-0.05B-
0.85TiB,(Wt.%) 1.0TiB,(Wt.%)

Mechanically alloyed Cu-O_.75Ti-O.ZB- Cu-O.}QTi-0.0lB-
0.3TiB,(Wt.%) 1.05TiB,(Wt.%)

In Fig. 6¢, showing the direction of crack propagation, the presence of secondary
crack is also observed, which implies better fracture resistivity of the tested sample compared
to the sample from the blended powder. In relation to samples from blended powders with
prominently brittle fracture surfaces, in samples from mechanically alloyed powders fracture
surfaces showed the presence of ductile areas with characteristics dimples in certain parts of
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the structure (Fig. 6 d). On the fracture surface, in higher magnification, submicron, primary
TiB, particles could be identified.

After the heat treatment of the samples obtained from mechanically alloyed powder,
tensile test showed completely different result, Fig. 5. Increase in the UTS was almost 70 %,
while the ductility increased from 3 to 6 %. UTS value is most probably due to occurrence of
secondary TiB, particles resulting from the reaction between Cu,Ti and B [22]. These
particles represent obstacles to the movement of dislocations in the compact, and their higher
content in matrix brings a noTab. strength increase. Another factor that should be taken into
account is the relaxation of residual stresses present in the SLM part through heating and
retaining at 900 °C, which also has a positive effect on the UTS value. Of course, formed
nanoparticles of secondary TiB, phase could not be observed by optical and scanning electron
microscope, Fig. 4, but their presence was identified with chemical (Tab. I) analysis. ICP-
AES analysis has shown considerbly higher content of TiB, phase particles after the heat
treatment than prior to exposure to temperature of 900 °C for 10 h of the SLM compacts from
mechanically alloyed powders.

4. Conclusion

Synthesis of Cu-Ti-TiB; alloy was conducted through laser melting of (i) blended Cu,
Ti and B powders, i.e. (ii) mixed mechanically alloyed Cu-Ti and Cu-B powders.
Microstructure of the obtained pieces contained solid regions Cu-Ti and Cu-B, with
microparticles of primary TiB, formed in situ. It was necessary to conduct a thermal treatment
(900 °C, 10 h) for the occurrence of secondary, nanoparticles of TiB,, which was detected
using ICP-AES analysis and tensile testing of 3D parts. Tensile tests have shown that the
strengthening was much higher in heat-treated samples with mechanically alloyed powder as
the starting material, due to a more significant formation of secondary TiB, nanoparticles.
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Casxicemax. YV paoy je uzeputerno nopeherve nacepckoe monmwerva (JIT) mexnuxkom cioj-no-
cnoj 3a 06e epcme novemmnoz npaxa: (1) mewasuny enemeHmapHux npaxosa u (2) mexanuuxu
nesupan npax. Jlacepcko monmere epuerno je Nd:YAG nacepom na 1064 (maxcumanue
cpeorse cnaze 100 W) y ammocgepu apeona. Cunmemuszosanu yzopyu cy ounu Cu-Ti-TiB,
npasoyzaone mpaxe (20k6x1 mm),a yaazuu napamempu npoyeca: 0ebmunda cioja npaxa
100-250 um, pasmax uzmehy cxenupajyhux pedosa 1 mm, oyaxcuna umnyica 4 ms, enepeuja 4
J, yuecmanocm umnyaca 20 Hz. Jleo y3opaxa je mepmuuxu mpemupan y apeony na 900 °C, 10
h. Cmpykmypua xapaxmepuszayuja ysopaxa epuiena je kopuwhersem onmuykoe MUKpOCKona
u ckanupajyhee enexmponckoe mukpockona (CEM). Xemujcka ananuza y3opaka 0obujeHux
aacepckum monsvervem ypahena je nomohy mexuwuxe amomcke eMUCUOHe CHeKmpoMempuje
nymem unoykmueno cnpeeryme niaasme (ICP-AES). Ymepheno je 0a ce muxpocmpyxmypa JIT
yzopaxa cacmoju 00 Cu-Ti u Cu-B ugpcmux obnacmu, u in Situ popmMupanux MuKkpoiecmuya
npumapHoz TiB,. Tex HAKOH GUCOKOMEMNEPAMYPCKO2 MEPMUYKOS MPEMMAHA OOUIO je 00
gopmuparva cexynoapnoe TiB, 3amesna ucnumugsara noxasara cy 3uamuo eehe
ougpwhagarbe KOO MEPMUUKU MPEMUPAHUX V30PAKA CA MEXAHUYKU Te2UPAHUM NPAXOM KAO
NOYEMHUM MAMEPUjaiom, 2oe je 0ouio 00 Gopmuparba 3HA4AjHe KOAUUUHE CEeKVHOAPHUX
Hanovecmuya TiB,.

Kuyune peun: Cu-Ti-TiB, necypa, mewarse u mexanuuko necuparbe; 1dcepeko monmberve;
mepmuuxu mpemman; in situ TiB, ojauusauu.
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