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CHARACTERIZATION OF CERAMIC PARTICLE REINFORCED TITANIUM COMPOSITE PRODUCED 
VIA POWDER METALLURGY

Nowadays, titanium is one of the most popular materials for aeronautical applications due to its good corrosion resistance, 
formability and strength. In this paper, rutile reinforced titanium matrix composites were produced via powder metallurgy. The steps 
included high energy ball milling of raw titanium and rutile powders in a planetary ball mill, which was followed by cold-pressing 
and sintering without external pressure. For the characterization of the milled powders and the sintered composites, scanning 
electron microscope, X-ray diffraction and compressive strength examinations were carried out. The results showed that the rutile 
has a strengthening effect on the titanium matrix. 1 wt% rutile increased the compressive strength compared to the raw titanium. 
Increasing the milling time of the metal matrix decreased the compressive strength values.
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1. Introduction

Titanium has been a popular metal during the last decades 
in the aerospace, automotive industry and in the healthcare 
also [1]. It exhibits a great balance of formability and the high 
strength, and besides, titanium also has excellent corrosion re-
sistance. It is known that the properties of metals can be further 
enhanced with decreasing the grain size and decreasing the 
crystallites size in it to nano scale and producing a nano-sized 
structure. Another way to improve the properties of the metals, 
such as the mechanical properties can be, with combining it with 
ceramic particles and producing composites. Sorkhe at al. [2] 
studied the Cu-TiO2 synthesis by thermochemical process and 
reported the enhanced mechanical properties of the composites.
The advantages of metal matrix composites reinforced with 
ceramic particles has been studied through many articles, where 
the main subject was to enhance the mechanical properties of the 
lightweight metal matrix [3-6]. Issa et al. [4] produced Al-SiO2, 
Ramachandra et al. [4] Al-ZrO2, Zhang et al. [5] Mg-Al-SiC, 
Sridhar et al. [6] Mg-Al2O3 nanocomposites via powder metal-
lurgy. All the authors reported enhanced mechanical properties 
compared to the matrix material. Several studies discuss the 
benefits and mechanical strengthening effects of titanium and 
ceramic particles combination as composites [7-10]. Lada et 
al. [7] produced and characterized Ti-ZrO2, Selva Kumar [8] 
et al. Ti-TiB, Niespodziana et al. [9] Ti-SiO2 composites with 

powder metallurgy techniques. In each research, the improve-
ment of mechanical properties was experienced comparing to the 
pure titanium matrix. Beside pure titanium, titanium alloy is also 
used as matrix material for composite production. Sivakumar et 
al. [10] prepared Ti-6Al-4V – SiC nanocomposites and exam-
ined the mechanical properties. The authors reported the same 
phenomenon, the mechanical properties improved after adding 
ceramic particles to the matrix material. For the production of 
composites, especially expensive materials like titanium, one 
of the most favourable methods is the powder metallurgy, due 
to their lower cost efficiency and less waste producing during 
manufacturing. Robertson et al. reported a review discussing 
the different powder metallurgy techniques for the production 
of titanium based materials, focusing on the particle size of the 
powders, the compaction pressure and the parameters of the 
sintering (time, temperature) [11]. To the authors knowledge, 
there is only one report in which rutile reinforced titanium 
composite has been successfully produced. In this report, the 
composite was produced by accumulative roll bonding [12]. 
In this paper, Ti-TiO2 (rutile) nanocomposites were produced 
with powder metallurgy route and characterized by the structure 
of the powders and the relative density, compressive strength 
of the bulk composites. The aim of the research is to reveal the 
structure changes of titanium and rutile powders during ball 
milling and characterize the bulk sintered composites produced 
from these powders.
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2. Experimental

In this research, titanium powder (Ti, 99,4% purity, aver-
age particle size (APS): 150 μm) as matrix material and rutile 
powder (TiO2, 95% purity, APS: 14 μm) as reinforcing material 
were used as initial powders to produce composites through the 
traditional powder metallurgy, press and sinter route. First, the 
raw titanium and rutile powders were high energy ball milled 
separately with a Fritsch Pulverisette 5 type planetary ball mill. 
The milling time of the titanium were 5, 10, 20 hours, and that 
of rutile was10 hours. The milling time of rutile was chosen to 
achieve very fine crystallites size. The ball to powder ratio was 
30:1, and 200 rpm milling speed was applied. During milling, 
argon atmosphere and ethanol were used to avoid heavy reactions 
and oxidation. For the milling of titanium, 8 mm diameter and 
for the rutile, 3 mm diameter steel balls were used. The initial 
and dried milled powders were characterized by X-ray diffraction 
(XRD), laser scattering particle size distribution analysis (LPSA) 
and scanning electron microscopy (SEM). For the XRD examina-
tions a Bruker Advanced D8 X-ray diffractometer were used. The 
sizes of the crystallites were determined with Rietveld analysis 
[13]. An example for the Rietveld analysis on the 1 hour milled 
titanium is shown on Fig. 1, measured pattern: red, calculated 
pattern: black and the difference curve: blue. 

Fig. 1. The measured (red), calculated (black) XRD patterns and the 
difference curve (blue) of the Rietveld analysis in case of the (100), 
(002), (101) and (102) titanium peaks

Different mixture compositions were prepared from the 
milled powders. The milled rutile content was varied between 
0, 1, 5 and 10 wt% which was added to the 0, 5, 10 and 20 hours 
milled titanium. Beside these mixtures, control samples were 
also made from raw titanium and milled titanium powders to 
which rutile was not added. Every sample was cold pressed with 
1000 MPa pressure and graphite aerosol was used as lubricant. 
The cold pressing of the control samples resulted in intact green 
samples, however, adding solely milled rutile to milled titanium 

resulted in damaged green samples with material discontinuities 
and cracks on the surface. This effect was probably caused by the 
long-time milling, where the plastic formability of the titanium 
was depleted before cold pressing. Therefore, to increase the 
plastic formability of the mixtures, 30 wt% of raw titanium was 
added to the titanium/rutile mixtures in every case. Afterwards, 
the compacted green samples were sintered at 1000°C without 
external pressure and were held there for 2 hours under argon 
atmosphere. Before and after sintering, the relative density of 
the composites was calculated. After sintering, the samples were 
subjected to compressive strength tests with an INSTRON 5982 
type universal material testing equipment.

3. Results and discussion 

The structure and morphology of the initial and milled 
titanium and rutile powders are shown in Fig. 2 and Fig. 3, 
respectively. 

The morphology of the raw powders changed during mill-
ing, the larger particles were crushed into fine shard-like particles 
after the long-time of milling. In case of titanium after a few 
hours milling, firstly, the shape of particles turned to flake-like 
before breaking into finer particles (Fig. 2 a-d). Due to the high 
energy ball milling in both materials, the APS and crystallites 
size decreased (shown in Table 1).

Fig. 4 shows an example of the titanium reflections after 
1, 5, 10, 20 hours of ball milling. It can be seen that due to the 
milling peak broadening occurs and after 20 hours milling it 
became close to X-ray amorphous.

TABLE 1

Particle and crystallites size change of titanium and rutile during 
the ball milling measured by laser scattering particle size analysis 

and X-ray diffraction

Milling 
time

Titanium Rutile
Average 

particle size
(μm)

Crystallites 
size (nm)

Average 
particle size

(μm)

Crystallites 
size (nm)

0 h 151 175±39 14 236±53
5 h 17 21±4 —
10 h 8 8±2 0.22 14±3
20 h 3 4±1 —

In case of titanium, the initial 150 μm APS decreased to 
17; 8; and 3 μm and the initial 136-213 nm crystallites size has 
decreased to 16-25; 6-10 and 3-5 nm after 5, 10 and 20 hours of 
milling, respectively. In the case of rutile, the initial 14 μm APS 
decreased to 0.22 μm, and the initial 183-288 nm crystallites 
size decreased to 11-17 nm. It can be stated that due to the mill-
ing, nanoscale particles and nanostructured powders were pro-
duced. 

Cold pressing was feasible in the case of each sample, 
except the 20 h milled titanium composite, even though it was 
combined with the initial titanium powder. Therefore, 12 sam-
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ples were sintered after the cold pressing under the same condi-
tions. The results of relative density after sintering are shown 
in Fig. 5.

The best relative density of 96.53% was achieved in the 
case of raw titanium with 10 wt% of rutile. However, the results 
of the compressive strength tests (shown on Fig. 6.) showed that 
the highest value 2237 MPa was achieved without milling and 

1 wt% of rutile content while the lowest 616 MPa was obtained 
without milling and 10 wt% of rutile. In this case, the compres-
sive strength of the control sample was 1794 MPa, thus, strength-
ening of the matrix was achieved. The strengthening effect of 
1 wt% of rutile can be observed in case of every milled titanium 
matrix composites. Adding 5 wt% rutile to the matrix resulted in 
lower compressive strength, compared to the matrix. Based on 

a)

c)

b)

d)

Fig. 2. SEM images of the a) initial b) 5 h c) 10 h and d) 20 h milled titanium particles

a) b)

Fig. 3. SEM images of the a) initial and b) 10 h milled rutile particles
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the compressive strength results, it can be stated that the rutile 
has a strengthening effect on the milled and non-milled titanium 
matrix as well. However, the rutile content has a maximum value 
between 1 and 5 wt% that if exceeded, it results in the decrease 
of the compressive strength. 

In the case of milled titanium samples, it was observed that 
with the increase of rutile content the relative density slightly 
decreased. Highest density was 92.54% in the case of the 5 h 
milled samples with 1 wt% of rutile content and 88.29% with 
5 wt% of rutile content for 10 h milled samples. Also, milled 
titanium composites have much lower compressive strength and 
lower relative density compared to the raw titanium composites. 
This can originate from the milling, during which the formability 
of titanium was depleted, therefore during cold pressing and 
sintering, the particles could not form the proper bonding be-
tween each other. Furthermore, the increase of the rutile content 
drastically decreases the compressive strength. 

4. Conclusions

In this research rutile reinforced titanium composite was 
produced with high energy ball milling, cold pressing and 
sintering processes. Based on the results of this study it can be 
stated that:
(1) With high energy planetary ball milling, titanium and rutile 

nanostructured powders were successfully produced.
(2) Due to milling, the plastic formability of the titanium was 

depleted, which can be improved with the addition of non-
milled titanium to the mixture, making it feasible for cold 
pressing.

(3) The increase of rutile content slightly decreases the relative 
density of the composites.

(4)  Rutile has a strengthening effect on the titanium matrix, 
and in this study the highest strength value was achieved 
with 1 wt% rutile in case of the raw titanium. However, 
rutile content above 5 wt%, decrease the compressive 
strength.

(5) Increasing the milling time of the metal matrix cause the 
reduction of the compressive strength and the relative 
density.
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Fig. 4. The XRD profiles of the initial, 1 h, 5 h, 10 h and 20 h milled 
titanium powders

Fig. 5. Relative density of the sintered samples as a function of mill-
ing time

Fig. 6. Compressive strength of the rutile reinforced composites as 
a function of milling time
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