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Cu–Fe based diamond composites used for saw-blade segments are directly fabricated by vacuum and pressure-
assisted sintering. The carbide forming elements Cr and Ti are added to improve interfacial bonding between diamond
and the Cu–Fe matrix. The interfacial reactions between diamond/graphite and Cr or Ti, and diamond graphitization are
investigated by thermodynamics/kinetics analyses and experimental methods. The results show that interfacial reactions
and graphitization of diamond can automatically proceed thermodynamically. The Cr3C2, Cr7C3, Cr23C6, and TiC are
formed at the interfaces of composites by reactions between diamond and Cr or Ti; diamond graphitization does not occur
because of the kinetic difficulty at 1093 K under the pressure of 13 MPa.
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1. Introduction
Diamond composite tools are widely used for sawing,

cutting, grinding, and trimming stone, concrete and tiles.
These tool materials consist of three main components: dia-
mond grain, binder phase, and the interface between the di-
amond surface and the metallic binder. The performances of
each component are vital to the comprehensive performance
of the tool. Diamond acting as the cutting element is one
of the allotropic forms of carbon,[1] and is renowned for its
outstanding physical, chemical, and mechanical properties.[2,3]

The binder phases should have approximately the same coef-
ficient of thermal expansion and thermal conductivity as those
of diamond in order to improve the matching performance be-
tween diamond and matrix. Cu–Fe based diamond compos-
ite is a kind of metal matrix composite (MMC),[4] in which
the interfacial transient layer can distinctly enhance interfa-
cial bonding strength and determine the overall properties of
the composite, because the interfacial phase is usually formed
between diamond and the metallic binder during composite
fabrication processing.[5]

Usually, metals do not provide satisfactory junctions to
diamond because diamond has chemical inertness and most
metals in their molten fluid state cannot wet diamond ade-
quately. From many previous wettability studies, apprecia-
ble wetting of diamond by melted metals occurs only in these
cases where interfacial reactions between the metal and dia-
mond take place.[6] Obviously, good wetting characteristics in

a bond system cause the matrix to be excellently held on to
the diamond. On the other hand, diamond is a metastable al-
lotrope of carbon at ambient temperature and pressure so that
diamond particles may be graphitized especially if there are
catalytic metals in the matrix, deteriorating the final cutting
performance. Thus, it is of great significance to examine the
graphitization tendency of diamond particles in the high tem-
perature sintering process of Cu–Fe based composite.[7] All
these disadvantages restrict the applications of diamond tools.
Consequently, adequate interfacial reaction but not graphiti-
zation is a fundamental requirement for enhancing the perfor-
mance of diamond composite tools.[8] To solve these interface
problems, using different alloys containing active elements ca-
pable of establishing chemical interactions with diamond has
been proven to significantly improve the interfacial bonding
of a Cu based diamond composite. It has been reported that
good interfacial bonding but not graphitization is achieved in
diamond reinforced Cu–Cr or Cu–Si matrix composite.[9,10]

Unfortunately, there was no previous research on how these
active elements play a role thermodynamically and kinetically.
Therefore, it is very necessary to investigate the mechanism of
these active elements in thermodynamics and kinetics.

This paper is devoted to the study of interfacial reactions
and diamond graphitization by thermodynamics/kinetics anal-
yses and experimental research, aiming to improve the perfor-
mances of Cu–Fe based diamond composites.
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2. Experimental detail
2.1. Specimen preparation

Table 1 shows the compositions of Cu–Fe based diamond
composite. The metallic and diamond powders were blended
by a three-dimensional vortex mixer (TD-2) for 1 h. The
powder mixture was placed into a cylindrical graphite die and
sintered in a vacuum and pressure-assisted sintering machine
(RYJ-2000Z) at 1093 K and 13 MPa with a holding time of
3 min. After the synthesis process, the disc-shaped samples
were obtained after getting rid of the graphite felt left on the
surface of the composites.

Table 1. Compositions of Cu–Fe based diamond composite.

Ingredient wt.%
Cu 45–55
Fe 35–45

Co–Cr pre-alloyed powder 5–8
Cr 1–3
Ti 1–3

Diamond 2

2.2. Structure and graphitization analyses

Phase analysis was carried out using X-ray diffraction
(XRD) (Rigaku D/Max-2400) technique with a copper target
(Cu–Kα radiation, λ = 1.54 Å). Raman scattering analysis
was tested on a laser Raman spectrometer (in Via–Reflex) with
a 0.15 cm−1 resolution to identify the graphitization tendency
of diamond. Scanning electron microscopy (SEM) (6700F)
with an energy dispersive X-ray (EDX) spectrum was em-
ployed to detect the distribution of elements in the interface
zone near diamond.

3. Theoretical calculation
3.1. Theory of standard reaction heat effect

In the synthesis process of Cu–Fe based diamond com-
posite, some interfacial carbides such as Cr7C3, Cr3C2,
Cr23C6, and TiC would be formed between diamond and
strong carbide forming elements in specific thermodynamic
conditions.[11] The Gibbs free energy change of each of these
carbides forming reactions is calculated by the theory of stan-
dard reaction heat effect method

aA+bB→ cC+dD. (1)

In the Gibbs–Helmholtz equation,[12]

d
(

∆Gθ
T

T

)
=−∆Hθ

T
T 2 dT, (2)

and the Kirchhoff equation

d∆Hθ
T = ∆CPdT, (3)

where ∆Gθ
T as a function of the atmospheric temperature T de-

notes the change in Gibbs free energy, ∆Hθ
T denotes the change

in enthalpy, and ∆CP denotes the change in constant pressure
specific heat capacity. Here, the superscript θ means the stan-
dard state. The ∆Gθ

T is calculated according to the following
expressions:

∆Gθ
T = −∆A1T lnT − 1

2
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298−298∆Sθ
298, (9)

∆Hθ
298 =

(
cHθ

298,C +dHθ
298,D

)
−
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aHθ
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, (10)

∆Sθ
298 =
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cSθ

298,C +dSθ
298,D

)
−
(

aSθ
298,A +bSθ

298,B

)
, (11)

where A1, A2, A3, and A4 are fitting parameters of CP; A5 and
A′5 are the integration constants of the Kirchhoff equation and
Gibbs–Helmholtz equation; Hθ

298,A, Sθ
298,B, and CP,C are the en-

thalpy value of material A, the entropy value of material B, and
the constant pressure specific heat of material C, respectively.
These thermodynamic parameters can be found in Ref. [13].

3.2. Theory of classical thermodynamics

In calculating the change of Gibbs free energy in diamond
graphitization, the theory of classical thermodynamics[12] is
introduced as follows:

∆GP
T = ∆Gθ

T +
∫ P

0
∆V dP, (12)

∆Gθ
T = ∆Hθ

T −T ∆Sθ
T , (13)

∆Hθ
T = ∆Hθ

298 +
∫ T

298
∆CPdT , (14)

∆Sθ
T = ∆Sθ

298 +
∫ T

298
∆CPd(lnT ), (15)

where ∆GP
T as a function of T and P denotes the Gibbs free

energy change in diamond graphitization. Consequently, ∆GP
T
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is calculated under thermodynamic conditions (T , P) as

∆GP
T =

(
∆Hθ

298−T ∆Sθ
298

)
+

(∫ T

298
∆CPdT −T

∫ T

298
∆CPdlnT

)
+
∫ P

0
∆V dP. (16)

The ∆V is calculated as follows:[13–15]

∆V = 1.820+1.596×10−4T −4.339×10−8T 2

+ 1.403×10−11T 3−6.320×10−16T 4

− 1.385×10−19T 5−0.089P+6.083×10−3P2

+ 3.063×10−4P3 +8.420×10−6P4

− 9.240×10−8P5. (17)

3.3. Gibbs free energy change of interfacial reactions be-
tween diamond/graphite and Cr or Ti

The calculation results of Gibbs free energy change in in-
terfacial reactions between diamond/graphite and Cr or Ti at
298–1200 K and standard atmospheric pressure are presented
as follows:

3Cr + 2C(d)→ Cr3C2,

∆Gθ
T = −54.259T lnT +0.036T 2 +872400T−1

− 0.0000045T 3 +343.133T

− 109441.483, (18)

3Cr + 2C(g)→ Cr3C2,

∆Gθ
T = −72.333T lnT +0.062T 2 +1345000T−1

− 0.00001T 3 +744.180T

− 110762.634, (19)

7Cr + 3C(d)→ Cr7C3,

∆Gθ
T = −86.953T lnT +0.0697T 2 +1062000T−1

− 0.000011T 3 +527.220T

− 202926.634, (20)

7Cr + 3C(g)→ Cr7C3,

∆Gθ
T = −114.064T lnT +0.108T 2 +1772000T−1

− 0.0000192T 3 +706.278T

− 218451.845, (21)

Ti + C(d)→ TiC,

∆Gθ
T = −18.703T lnT +0.01125T 2 +429800T−1

− 0.0000003T 3 +132.206T

− 193448.582, (22)

Ti + C(g)→ TiC,

∆Gθ
T = −27.75T lnT +0.0241T 2 +665300T−1

− 0.0000003T 3 +191.888T

− 194857.227, (23)

23Cr + 6C(d)→ Cr23C6,

∆Gθ
T = −245.59T lnT +0.2145T 2 +3761000T−1

− 0.00003463T 3 +1516.241T

− 488734.25, (24)

23Cr + 6C(g)→ Cr23C6,

∆Gθ
T = −299.82T lnT +0.2916T 2 +5179400T−1

− 0.00005199T 3 +1874.352T

− 497186.11, (25)

where C(d) and C(g) are referred to as diamond and graphite,
respectively.

Figure 1 shows ∆Gθ
T in carbide formation as a function of

atmospheric temperature T calculated through Eqs. (18)–(25),
predicting the possibility of carbonization of Cr and Ti at a
certain temperature. It shows that ∆Gθ

T values of these reac-
tions are all negative and the tendency of reactions is Cr23C6

> Cr7C3 > TiC > Cr3C2 at the same temperature. It can also
be clearly seen that ∆Gθ

T values of chrome carbide reactions
decline with the increase of temperature, but ∆Gθ

T value of ti-
tanium carbide reaction increases with the increase of temper-
ature. For Cr23C6 and TiC, the tendencies of reactions between
diamond and Cr, Ti are larger than those of reactions between
graphite and Cr, Ti at 298–1200 K. For Cr3C2 and Cr7C3, the
tendency of diamond-Cr is slightly lower than that of graphite–
Cr at temperatures lower than approximately 500 K, whereas
the reaction tendency is opposite above 500 K.
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Fig. 1. Gibbs free energy changes of interfacial carbide reactions be-
tween diamond/graphite and Cr or Ti.
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3.4. Gibbs free energy change in diamond graphitization

The calculation results of ∆GP
T of diamond graphitization

from 298 K to 1200 K are as follows:

∆GP
T =

(
∆Hθ

298−T ∆Sθ
298

)
+

(∫ T

298
∆CpdT −T

∫ T

298
∆CpdlnT

)
+
∫ P

0
∆V dP

= 1409.052−59.688T −0.013T 2 +2.893×10−6T 3

− 2.364×105T−1 +9.207T lnT +1820P

− 0.160T P−4.339×10−5T 2P

+ 1.403×10−8T 3P−6.320×10−13T 4P

− 1.385×10−16T 5P−44.5P2 +2.028P3−0.076P4

+ 1.684×10−3P5−1.540×10−5P6, (26)

where P is in units of GPa.
Figure 2 shows the values of ∆GP

T in diamond graphiti-
zation as a function of atmospheric temperature T and pres-
sure P according to Eq. (26). As seen, the values of ∆GP

T

of diamond graphitization is negative in a temperature range
of 298–1200 K and a pressure range of 0.01–0.1 GPa. The
values of ∆GP

T decreases as temperature rises but increases as
pressure increases. Under this specific experimental condition,
the value of ∆GP

T of graphitization is –5392 J/mol at 1093 K
and 0.013 GPa, showing that it is a much larger value than that
of interfacial reactions.
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Fig. 2. (color online) Gibbs free energy of graphitization of diamond.

4. Experimental results
Figure 3 is Raman scattering spectrum of embedded dia-

mond grains in the breaking section of the sintered specimen.
As seen, a sharp first-order scattering peak from diamond at
the position of 1332 cm−1 is detected and the graphite peak at
the position of 1581 cm−1 is not detected in Fig. 3, indicating
that diamond in the sample sintered at 1093 K and 13 MPa is
not graphitized in the sintering process.

Figure 4 shows XRD patterns of the sample sintered at
1093 K and 13 MPa. Besides Cu and Fe matrix phases, Cr7C3,

Cr23C6, Cr3C2, and TiC are also identified under such ther-
modynamic conditions, even though these carbide forming el-
ements are negligible as predicted by the present thermody-
namic calculation analysis. It is also found that diamond peaks
are detected, but no graphite peak is detected.
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Fig. 3. Raman scattering spectrum of diamond in the segment sintered
at 1093 K and 13 MPa.
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Fig. 4. XRD pattern of Cu–Fe based sample sintered at 1093 K and
13 MPa.

Figure 5 is the results of EDX line analysis of element dis-
tribution in the interface zone near diamond. As seen, Cr and
Ti are enriched in the interface zone and carbon atoms diffuse
into the interface-matrix area. The interface layer is more than
7 µm as shown by the weight fraction of carbon, chromium
and titanium in Fig. 5.

5. Discussion
5.1. Interfacial carbide reaction

In terms of thermodynamics, ∆Gθ
T values of Cr7C3,

Cr3C2, Cr23C6, and TiC formed at 1093 K by reactions
between diamond and Cr or Ti are –222.154, –111.609,
–495.874, and –178.494 J/mol, respectively. The val-
ues of ∆Gθ

T of those carbides formed by reactions be-
tween graphite and Cr or Ti are –213.488, –105.302, –
456.627, and –168.182 J/mol, respectively. The values
of ∆Gθ

T of carbides formed by reactions between diamond
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Fig. 5. (color online) EDX line analysis of the distribution of elements in the interface zone near diamond. (a) The breaking section SEM
image of the sintered specimen; (b) EDX line analysis of carbon weight distribution; (c) EDX line analysis of chromium weight distribution;
(d) EDX line analysis of titanium weight distribution.

and Cr or Ti are lower than those between graphite and Cr or
Ti, indicating that the process of transforming Cr and Ti into
carbides is automatic at 1093 K, and the diamond–Cr/Ti reac-
tion is more likely than the graphite–Cr/Ti reaction. The ther-
modynamic analysis predicts the direction of reaction, but the
energy levels of transition state and consequently the amount
of activation energy in the reaction processes have not been
estimated well so far. Hence, the reaction rate of the process
cannot be predicted by the analysis described above.

In terms of kinetics, the formation of Cr7C3, Cr3C2,
Cr23C6, and TiC carbide phases reduces the concentrations of
Cr and Ti atoms in the interface zone near diamond, result-
ing in different concentrations of Cr and Ti atoms between the
interface zone and matrix. The variations of Cr concentra-
tion and Ti concentration cause atom concentration gradients
which provide the driving force of transporting these atoms
from the matrix into the interface zone. On the other hand, the
exothermic reactions[16] provide the required reaction energy
for forming these carbides. The higher the reaction tempera-
ture, the faster the reaction process will be. In the experimen-
tal sintering process, diamond offers carbon atoms to form the
carbide nuclei at the surface dislocation of diamond. Owing
to the high concentration of carbon atoms near the diamond,
Cr3C2and TiC nucleate close to the diamond and grow up to
the side of the matrix alloy. The carbon atoms further dif-

fuse from the surface of diamond into the matrix alloy to form
Cr3C2, TiC, Cr7C3, and Cr23C6 which constitute the interfa-
cial reaction layer. At the same time, Cr and Ti atoms in the
matrix continue diffusing into diamond and lead to high Cr
concentration and Ti concentration in the reaction layer close
to diamond as seen in Fig. 5.

Figure 6 illustrates the details of the formation mech-
anism of the interfacial microstructure and phase. The for-
mation of the reaction layer of the matrix alloy is due to the
diffusion of carbon atoms on the surface of the diamond into
the matrix alloy to form carbides comprised of Cr3C2, TiC,

reaction layer of matrix alloy

reaction layer of diamond

matrix alloy
diamond

carbon

dislocation

Cr, Ti

Cr7C3

Cr7C2TiC

interface reaction layer

Fig. 6. Schematic of the diamond and matrix interface forming mecha-
nism model.
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Cr7C3, and Cr23C6, which is identified by XRD patterns in
Fig. 4. The Cr3C2 and TiC prefer to nucleate near diamond and
grow up to the formation of a matrix alloy, owing to the high
concentration of carbon atoms close to diamond. The Cr7C3

and Cr23C6 are formed in the zone where the concentration
of carbon atoms is low. The reaction layer of the diamond is
formed by reactions between Cr, Ti, and carbon atoms on the
surface of the diamond.

5.2. Graphitization of diamond

Raman spectra analysis shown in Fig. 3 indicates that
graphitization does not occur at 1093 K and 13 MPa. Ac-
cording to thermodynamic calculation, the values of ∆GP

T of
diamond graphitization under the experimental condition of
1093 K and 13 MPa is negative and diamond graphitization
could occur. However, the Gibbs free energy variation is just
the necessary condition of phase transformation.

From the viewpoint of kinetics, diamond and graphite
have different carbon lattice arrangements, and diamond is a
metastable allotrope of carbon even at low temperature. The
thermodynamic and kinetic relationship of transition between
diamond and graphite is shown in Fig. 7. Graphite rather than
diamond is the thermodynamically preferred (minimum en-
ergy) state, but the activation energy values needed for conver-
sion from diamond to graphite are 730 kJ/mol on (110) plane
and 1060 kJ/mol on (111) plane[17] so at experimental temper-
ature (1093 K) and pressure (13 MPa), this conversion is ex-
tremely slow. This conversion process starts to be noticeable
at around 1273 K.
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Fig. 7. Phase diagram for carbon.[18]

Actually, diamond graphitization is related to sintering
temperature, sintering atmosphere, the purity of diamond, and
so on. At the sintering temperature of 1093 K, the structure
of diamond remains stable due to kinetic difficulty in rebuild-
ing the lattice.[15] As temperature increases, the kinetic dif-
ficulty of diamond turning into graphite decreases.[19] If dia-
mond reacts with oxygen in the atmosphere, CO or CO2 is
produced, leading to small pits formed on the surface of di-
amond particles. These small pits make the specific surface

of diamond particles increase, resulting in an acceleration of
graphitization.[7] Fe and Ni ingredients of the matrix of the di-
amond composite and the contact of the diamond surface by
Fe and Ni can play a catalytic role in reducing the activation
energy of graphitization. These factors could lead to diamond
graphitization, but the low temperature, vacuum atmosphere,
fast sintering and interfacial reactions can reduce the corro-
sion of the diamond surface, increase the starting temperature
of graphitization and difficulty of lattice arrangements and, in
turn, suppress the diamond graphitization.

The probability of phase transition from diamond to
graphite ( fg) is

fg = exp
[
−
(
Ea−∆

′GP
T
)
/RT

]
, (27)

where ∆′GP
T is Gibbs free energy of diamond minus that of

graphite (i.e., ∆′GP
T = −∆GP

T ), Ea is the activation energy of
phase transition, R is the gas constant (R= 8.31 J/mol ·K), and
fg is 10−8 at 1093 K and 13 MPa, and may be ignored.

6. Conclusions
(1) The Gibbs free energy changes of Cr7C3, Cr3C2,

Cr23C6, and TiC by reactions between diamond and Cr, Ti,
and diamond graphitization are negative at the conditions of
1093 K and 13 MPa. The reaction of carbides Cr3C2, TiC,
Cr7C3,and Cr23C6 carbides and the diamond graphitization
can automatically proceed in thermodynamics.

(2) Interfacial reactions and interfacial diffusion can oc-
cur under the conditions of 1093 K and 13 MPa. The these re-
actions generated heat, concentration gradient, and dislocation
on the surface of diamond offer the energy, diffusion driving
force, and nucleation cores, which are required by the reac-
tions in kinetics.

(3) Diamond graphitization does not occur under the con-
dition of 1093 K and 13 MPa. The diamond graphitization can
be suppressed by low temperature, vacuum atmosphere, fast
sintering and interfacial reactions.
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