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1. Introduction
The advent of synthetic diamonds has made it possible 

to obtain grains with different mechanical and physical 
properties, modifying only the synthesis process. It allows 
a wide range of applications, such as metalworking, ceramic 
polishing or the cut of high-hardness granite stones1,2.

Most of the applications of diamonds in industry involve 
exposure to high temperatures and oxidizing atmospheres3-5. 
This environment provides conditions for two competitive 
events: oxidation and graphitization. These mechanisms 
can occur during the synthesis of diamonds, processing of 
diamond tools, as well as in their use.

The oxidation of diamonds is the reaction of oxygen 
with carbon yielding the gaseous products CO e CO2

[6]. 
This phenomenon causes changes in several properties, 
such as: chemical reactivity, electrical conductivity, thermal 
conductivity and compressive strength7. According to 
Lee et al.8, the oxidation of diamonds in high temperatures 
is harmful to their applications.

According to Sun et al.9, graphitization is a critical 
problem to the usage of synthetic diamonds in industry, 
because graphite and diamonds have different properties, 
compromising its application in industry.

It is known that the graphitization does not take place 
on the entire surface of the diamond, but it starts on small 
triangular sites that propagate throughout its surface10-12. 
The graphitization occurs preferentially on surfaces {111} 
and {110}, showing lower rates on surfaces {100}13.

According to Evans & Phaal10, in order to study the 
graphitization one should be careful that oxidation does 
not occur, since their studies show that through oxidation, 
layers of carbon can be formed on the surface of diamonds.

It is known that the use of coatings on diamond crystals 
contributes positively when used in diamond tools, but 
the understanding of the mechanisms of oxidation and 
graphitization in coated diamonds were scarcely found in 
the literature2,4,5,11,12.

In this work, the effect of a titanium (Ti) coating as 
protective barrier against oxidation and graphitization of 
diamonds has been investigated.

2. Experimental Procedure
For the study of the protective effect of titanium coating, 

samples of cube-octahedral uncoated diamonds and Ti-coated 
diamonds were employed. Both diamonds are from Element 
Six with an average crystal size of 400 µm.

These samples were heat treated in a tubular resistive 
furnace (bp engenharia) at 1200 °C in air along different 
periods: 60, 180 and 360 minutes. The characterization of 
the samples by thermal analysis was carried out prior to heat 
treatments. Other characterization methods utilized were 
carried out prior to and after heat treatments.

In order to evaluate the behavior of diamonds at high 
temperatures, due to possible events of oxidation and 
graphitization, differential thermal analysis (DTA) was 
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performed. It was applied heating rate of 5 °C/min in the 
thermal analysis system from TA Instruments.

X-ray diffraction (XRD) was realized to identify the 
phases present in the samples without heat treatment and 
the formation of new phases after the treatments, such as 
oxides and graphite. This technique was performed in a 
diffractometer from Shimadzu, model PDA-7000, with the 
following parameters: 2θ varying from 5 to 120°, radiation 
CuKα, speed 0.02°/sec. So as to identify components present in 
the samples, the obtained results were compared with JCPDS 
(Joint Committee of Powder Diffraction Standards) charts.

The microstructure of the samples was analyzed by 
means of scanning electron microscopy (SEM). With this 
technique, it was possible to obtain topographical images of 
the examined surface, as well as to provide details from the 
surface. It was made use of an electron microscope (SEM) 
from Shimadzu, model SSX-550, operated at different 
magnifications in secondary electron mode, a 15 kV.

Qualitative analysis was carried out by means of 
energy-dispersive X-ray spectroscopy (EDS) in order 
to obtain information about the distribution of chemical 
elements of the samples by the mapping of characteristic 
X-rays. The spectrometer is coupled to the SEM.

3. Results and Discussion
3.1. Thermal analysis

Both uncoated and Ti-coated diamonds were analyzed 
by means of DTA. Figure 1 shows the results for uncoated 
diamonds.

Through the DTA curve, it can be noted a thermal event 
around 900 °C that can be attributed to the phenomenon of 
graphitization. This result attests the temperature used as 
sufficient to the observation of the phenomena of thermal 
damage in diamonds. Rosa11 and Chagas12 reported that 
1200 °C is the average temperature utilized in the processing 
of monocrystalline diamonds, diamond cutting tools, as well 
as when they are subjected to industrial use.

Figure 2 shows the results obtained by means of thermal 
analysis for Ti-coated diamonds. A thermal event is observed 
at 912.40 °C and other close to 680 °C. It will be further 
shown that this lower temperature event is related to the 
oxidation of the Ti layer.

3.2. Structural and microstructural analysis
3.2.1. Prior to heat treatment

The diffractogram of the uncoated diamonds and with 
Ti coating is shown in Figure 3. It can be observed that both 
diffractograms show little noisy backgrounds and considerable 
intensities. In Figure 3a, the three peaks are characteristic 
from diamond. For diamonds with Ti coating (Figure 3b), 
the peaks with angle 2θ of 35.82°, 38.44° and 40.10° are 
inherent to metallic Ti and the peak with angle 2θ of 90.98° 
is inherent to titanium oxide (TiO).

Observing Figure 4, it is noted that both uncoated 
diamonds and Ti-coated diamonds do not show defects, 
wear, oxidation and graphitization, prior to heat treatment.

Analyzing the mapping by EDS in Figure 5, the majority 
composition of carbon was verified for uncoated diamonds 

(Figure 5a). For Ti-coated diamonds (Figure 5b), it was 
verified a higher composition of titanium, as expected.

3.2.2. After heat treatment during 60 min
Analyzing the diffractograms for the uncoated diamonds 

(Figure 6a), it is noticed that the two peaks related to the 
diamond phases were maintained. However, the peaks show 
lower intensities, and the background is noisier, characterizing 
the presence of amorphous phases, possibly amorphous carbon 
(beginning of the graphitization). In relation to the Ti-coated 
diamonds (Figure 6b), it can be noted the appearance of two 
peaks with angle 2θ of 27.44° and 54.50°. These peaks are 
inherent to titanium oxide (TiO2), from the performing of 
heat treatment.

Observing the micrograph of the uncoated diamonds 
in Figure 7a, it can be seen great evidences of thermal 
degradation, in example, craters on the side. The triangles 
that take place on the surface of the diamond characterize 
graphitization sites5,10-12. Analyzing the micrograph of the 
Ti-coated diamonds (Figure 7b), it is possible to observe 
that the superficial layer presents cracks. This layer can be 
related to the titanium oxide.

As the diffractogram of the Ti-coated diamonds does 
not show a noisy background, it is supposed that in this 
case the formation of amorphous phase did not take place, 
reinforcing the protective effect of the oxide layer formed 
on the diamond surface.

Figure 1. Differential thermal analysis (DTA) curve for uncoated 
diamonds.

Figure 2. Differential thermal analysis (DTA) curve for Ti-coated 
diamonds.
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Figure 3. Diffractogram of (a) uncoated diamonds and (b) Ti-coated diamonds, prior to heat treatment.

Figure 4. Diamonds (a) uncoated and (b) with Ti coating, prior to heat treatment.

Figure 5. Mapping by EDS for (a) uncoated diamonds and for (b) Ti-coated diamonds, prior to heat treatment.
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3.2.3. After heat treatment during 180 min
Analyzing the diffractogram of the uncoated diamonds 

(Figure 8a), it can be observed a background more noisy and 
peaks with lower intensities than diamonds treated during 

60 min, which indicates that the amount of amorphous phase 
increases with the increasing time of heat treatment. A new 
peak of high intensity appeared with angle 2θ of 50.60° 
associated to the formation of carbon-rich phases. The peak 

Figure 6. Diffractogram of (a) uncoated diamonds and (b) Ti-coated diamonds, after heat treatment during 60 min.

Figure 7. Diamonds (a) without coating and (b) with Ti coating, after heat treatment during 60 min.

Figure 8. Diffractogram of (a) uncoated diamonds and (b) Ti-coated diamonds, after heat treatment during 180 min.
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with angle 2θ of 61.74° has a very thin base, very low 
intensity and was not found in the database.

The diffractogram of Ti-coated diamonds (Figure 8b) 
shows only changes in the intensities of the peaks, related 
to the formed oxides and small changes in the position of all 
peaks. It is clear the increase of the intensities of titanium 
oxide peaks, mainly the peak with angle 2θ of 27.42°. 
It suggests that with the increase of treatment time, more 
titanium oxide was formed.

Analyzing the uncoated diamonds in Figure 9a, it can 
be noticed that graphitization sites are not found due to the 
increase in the amount of amorphous phase, as reported in the 
diffractogram from Figure 8a. It is remarkable the presence of 
craters on the diamond surface, that were probably originated 
from triangular sites. In the micrograph of the Ti-coated 
diamonds (Figure 9b), the oxide layer starts to be detached, 
exposing the surface of the diamond. This surface shows 
fewer defects than the surface of the uncoated diamonds, heat 
treated during 60 min. – see Figure7a, due to the protection 
that the layer provided.

Analyzing the mapping by EDS for the uncoated diamonds 
(Figure 10a), it is noticed that the content of carbon increases 
due to the formation of amorphous phases, and that oxygen 
increases due to the oxidation of diamonds. By the mapping 
of the Ti-coated diamonds (Figure 10b), it can be observed 
the detachment of the layer of titanium oxide. The exposed 
surface of the diamond is mostly composed of carbon, and the 
region inherent to the protective layer is composed of oxygen 
and titanium. It is interesting to notice that in Figure 10b – the 
spectrum of Ti, the upper region shows few, or no titanium, 
and the lower half is rich in Ti. It justifies the fact that the 
lower portion is plain and free of defects (diamond face that 
remained coated), and the upper half shows thermal damage 
(craters) – due to some graphitization.

3.2.4. After heat treatment during 360 min
The diffractogram of the uncoated diamonds (Figure 11a) 

shows a background totally noisy. It indicates that the 
depth detected by X-ray diffraction corresponds only to 
the amorphous phase. For this reason, diamonds’ surfaces 
are totally covered by amorphous carbon. Analyzing the 

Figure 9. Diamonds (a) without coating and (b) with Ti coating, after heat treatment during 180 min.

Figure 10. Mapping by EDS for (a) uncoated diamonds and for (b) Ti-coated diamonds, after heat treatment during 180 min.
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diffractogram of the Ti-coated diamonds (Figure 11b), it 
is noticed the appearance of two new peaks, with angle 
2θ of 75.20° and 119.30°. The first peak is inherent to 
diamond and the second to metallic Ti. With the increasing 
of heat treatment time, much of the titanium oxide coating 
was removed, thus exposing the diamond surface – explaining 
2θ = 75.20°. The peak at 2θ = 119.30° indicates that oxigen 
did not diffused to the diamonds’ surfaces, even for longer 
times (360 min.), once a metallic Ti coat was found yet, 
under the titanium oxide coating.

Figure 12a clearly shows that the diamond crystal is 
completely covered by a layer with texture different from 
the original – as received – see Figure 4a, which according 
to the amorphous character obtained by X-ray diffraction, 
is a layer of amorphous carbon. Figure 12b shows that for 
Ti-coated diamonds, the oxide layer was removed almost 
completely. The exposed diamonds are in good conditions, 
presenting only few defects on the surface.

It is important to point that, in general, the DTA results 
are in close agreement with the analyses carried out by XRD 
and EDS. Extensive graphitization of the uncoated diamond 
crystals has been observed. Meanwhile, the Ti-coated diamond 
crystals show the following: (1) initial oxidation of the Ti 

coating, followed by (2) the break and detachment of the 
TiO2 coating, culminating with (3) their slight graphitization. 
In this sense, the Ti coating showed remarkable protective 
effect against the thermal damage in diamonds, even during 
prolonged periods.

4. Conclusions
The main conclusions drawn from this work are as follows:

(i) Two mechanisms of degradation of the diamonds 
have been observed: oxidation and graphitization;

(ii) Analyzing the heat-treated microstructure of 
uncoated diamonds, it was possible to observe 
graphitization sites. However, as long as the 
treatment time increases, the diamond surface 
is covered by a layer of amorphous carbon 
(graphitization), evidenced by the noisy background 
in the diffractograms;

(iii) For Ti-coated diamonds, a layer of titanium oxide 
was formed, as indicated in the diffractograms. 
This layer has a protective character;

Figure 12. Diamonds (a) without covering and (b) with Ti coating, after heat treatment of 360 min.

Figure 11. Diffractogram of (a) uncoated diamonds and (b) Ti-coated diamonds, after heat treatment during 360 min.
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(iv) As long as the treatment time increases, the TiO2 
detaches itself, exposing the diamond surface;

(v) It was found that after 360 minutes of heat treatment, 
the surface of Ti-coated diamonds did not show 
many defects in relation to the uncoated diamonds, 
and this latter was totally covered by a layer of 
amorphous carbon;

(vi) It has been clearly proven in this paper that the 
Ti coating provides a longer life for diamonds, 
indicating potential benefits for diamond tools.
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