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Thermal analysis of FeCoCu pre-alloyed  
powders used for diamond tools 

By simulating the pressureless sintering process, the thermal effects 
of FeCoCu pre-alloyed powders have been investigated. According to the notions of the 
Kissinger method, the activation energies in the expansion-shrinkage conversion stage 
are analyzed. Results show that with Fe content increasing, the specimens’ specific 
heat capacity values present the increasing trend. The 25 %Fe–15 %Co–60 %Cu 
specimens have negative enthalpy value at 10 and 20°C/min heating rate but positive 
values at 30 °С/min. For the specimens with lower Cu content, the enthalpies are 
always positive. It is established that both the specific heat capacity and enthalpy are 
larger when at higher heating rates. The activation energy of the 65 %Fe–15 %Co–
20 %Cu specimens is 10 times higher than that of the 25 %Fe–15 %Co–60 %Cu 
specimens and the 45 %Fe–15 %Co–40 %Cu specimens.  

Keywords: pre-alloyed powder, specific heat capacity, enthalpy, 
activation energy. 

INTRODUCTION 

Diamond tools are widely used in geological drilling, stone 
processing, semiconductor materials cutting, and ceramics grinding [1–3]. 
Diamond is fine particles, so the tools should be made by using binder materials 
through the sintering process. Nowadays, as the metal bonding matrix, FeCoCu 
pre-alloyed powders are major materials used in the manufacture of diamond tools 
[4, 5]. The basic advantage of FeCoCu pre-alloyed powders is the component 
uniformity because each alloying particle contains all the composition, so the 
segregation is basically avoided, therefore, the properties of diamond tools can be 
improved significantly. In addition, alloying can decrease the activation energy in 
the atomic diffusion process [6, 7], which reduces the sintering temperature and 
sintering time. 

At present various sintering technologies and methods are used for diamond 
tools and the sintering process with a constant heating rate is a research hotspot [8]. 
Shi [9] considered that the relative density of the samples will be 80 % when the 
densification rate reaches the maximum and it agrees to the experimental results. 
Da Li et al. [10] studied the Master Sintering Curve (MSC) of rutile TiO2 using 
constant heating rate dilatometry data based on the combined-stages sintering 
model; the results show that the MSC theory can be applied to predict the final 
density and to design a reproducible process to fabricate ceramics with required 
density. In the pressureless sintering process the samples shrinkage gradually and 
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the relative densities become larger with temperature increasing, then the samples’ 
microstructures and mechanical properties have large changes. Those changes are 
relative to the thermal behaviors in the sintering process, and by analyzing the 
kinetic data, the sintering characters could be predicted [11]. In addition, under the 
hypothesizes such as equilibrium system, simple particle arrangement and circular 
cavity et al., the sintering models can be proposed [12]. In thermal analysis 
Differential Scanning Calorimetry (DSC) is used widely [13–15]. The thermal 
parameters such as enthalpy, specific heat capacity and sintering activation energy 
et al. can be quantitative analysis based on DSC method. 

To the best of our knowledge, little study has been reported on the thermal 
analysis of FeCoCu pre-alloyed powders in pressureless sintering process. This 
work reports the kinetic curves of three popular powders at a constant heating rate 
by means of DSC, analyzes the effect of Fe–Cu ratio on the kinetic behaviors, as 
well as calculates the specific heat capacity and enthalpy by thermodynamics 
formulas. With the help of Kissinger method the activation energy has been 
derived. 

EXPERIMENT 

Pre-alloyed powders with three Fe–Cu ratios were prepared as the sintering 
samples. The powders were manufactured by the co-precipitation method and the 
powder’s compositions are listed in Table 1. Every element were weighted by mass 
ratio and dissolved into deionized water to form FeCl2⋅4H2O, CoCl2⋅6H2O, and 
CuCl2⋅2H2O. The concentration of the solution was 1.0 mol/L. Subsequently, the 
as-prepared solution was mixed with 1.0 mol/L oxalic acid solution (1:1 ratio) and 
added into the reaction vessel at the same flow rate. In this reaction, the synthesis 
temperature is controlled to be 50°C, with a pH of 2.0 adjusted by adding ammo-
nia, and a reaction time of 20 min. After precipitating for 2 h, the FeCoCu com-
pound oxalate precipitate was obtained. After filtering, washing, calcining and 
reducing, the pre-alloyed powders were formed. The surface morphology was ex-
amined using a JSM-6700F scanning electron microscope (SEM). 

Firstly, the samples were made by cold isostatic pressing on these powders up 
to 250 MPa. Their green densities are about 70 % of their theoretical density. Then 
the B samples were grinded to particles in the mortar. After sieving, the particles 
with meshes 10 to 20 were chosen for the experiments. The sintering characters of 
three kinds of specimens were measured with the thermal analysis instrument 
(NETZSCH Co, Ltd, STA449C, German). Specimens were heated to 950 °C at the 
heating rate of 10, 20 and 30 °C/min in argon atmosphere, respectively. The argon 
flow rate is 45 mL/min. 

Table 1. Mass ratio of the pre-alloyed powders 

Powder Fe, wt % Cu, wt % Co, wt % 
A 25 60 15 

B 45 40 15 

C 65 20 15 

RESULTS AND DISCUSSION 

Powders’ microstructure 

The surface shapes of A, B, and C powders are shown in Fig. 1. It is found that 
all the shapes of three powders are irregular. The particles connect mutually and 
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form into various loose surfaces. In addition, it can be found that the powder A has 
the largest particle (Its Fisher particle size is in a range of 9.2 μm, compared with 
the powder B of 8.7 μm and the powder C of 5.2 μm, respectively). This is because 
of the reduction process to manufacture the powders. The powder with higher Cu 
concentration has lower recrystallization temperature, leading to faster processes 
for recrystallization and grain growth at the same reduction temperature, so the 
particle size is larger. Changes in particle size will affect the sintering characters. 

 

 
a 

 
b 

 
c 

Fig. 1. SEM pictures of the pre-alloyed powders: A (a), B (b), C (c). 

 
DSC curves of three specimens at different heating rates 

The DSC curves of the three kinds of specimens at different heating rates are 
shown in Fig. 2. It is found that all the three powders have endothermic process 
firstly, and then turn into exothermic process with temperature. The reason is that 
metal materials have a high thermal expansion coefficient, which is 11.7⋅10–6 °C–1 
for Fe, 12.5⋅10–6 °C–1 for Co, and 16.6⋅10–6 °C–1 for Cu, respectively. That’s to say, 
the samples will expand when heated at the beginning, so the exothermic process 
occurs. When heated to a transition temperature the densification has happened, so 
the heat release begins. For the same specimens the peak value is higher and 
sharper at a higher heating rate, which is associated with that, a larger heating 
power must be provided to guarantee the higher heating rate, so under the higher 
heating rate the heat flow is larger. Figure 2 also shows that with Fe content in-
creasing, the heat flow is larger; especially the peak values of C specimens are 
obviously sharp. That is because the particle size of the powders is related to the 
thermal resistance. The specimens with coarse particle size have larger resistance 
[16], at the same heating condition the tested heat flows become lower. As shown 
in Fig. 1, the C powder has the finest particle size, then the thermal resistance of 
the C specimens is the lowest, so the heat flow is obvious in the DSC curves. 
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Fig. 2. DSC curves of three specimens (A (a), B (b), C (c)) at different heating rates: 10 (1), 20 
(2), 30 (3) °C/min. 

Specific heat capacity analysis 

Heat capacity is an important parameter in thermodynamics and it can reflect 
the materials’ physical properties. In the DSC experiments the gas flow of the 
argon is a certain value, so the constant pressure conditions could be considered. 
Based on the thermodynamics principle, when the materials have no physical 
changes, chemical reactions and non-volume work, the heat capacity is defined as 
follows: 

p
p dT

dH
c 






= .     (1) 

Specific heat capacity will be 

mdT

dH
c

p
p

1⋅





= .    (2) 

By the mathematical derivation, the 
dT

dH
 can be expressed as 
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Then consider (5) into the expression (4), it will be 
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where H is the heat, T is the temperature, t is the time, and m is the weight.  
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According to the DSC testing principle, the ordinate of the DSC curves stands 
for the endothermic or exothermic heat in a unit time, that is to say, the ordinate 

means the enthalpy changes in unit time, which could be described 
dt

dH
 in 

expression (2). In addition, the 
dt

dT
 is the heating rate and m is the sample mass, 

then the cp can be calculated by expression (4).  
Figure 3 shows the specific heat capacity curves of the three specimens at 

different heating rates. It can be seen that the changes of the cp curves are similar to 
the DSC curves. The cp of all the three specimens increases with temperature, then 
begin to decrease when heated to a transition temperature. That is because in the 
pressureless sintering process, the specimens have the expansion and shrinkage 
stages. With Fe content increasing, the cp values show the increasing trend, which 
is due to the thermal resistance as is mentioned above. The C specimens have the 
finest particle size so the thermal resistance is the lowest, then at the same heating 
condition the C particles have the largest heat flow in unit time, thus the cp calcu-
lated is the highest. For the same specimens higher heating rates are related to the 
larger cp. That is due to the reason that higher heating rate means the larger heating 
power, so the higher the heating rate is, the larger the cp is. 
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Fig. 3. The cp curves of three specimens (A (a), B (b), C (c)) at different heating rates: 10 (1), 20 
(2), 30 (3) °C/min. 
 

Enthalpy analysis 

The endothermic or exothermic heat in a certain temperature range can be 
calculated according to the formula below: 

Δ=Δ
2

1

t

t

PdtQ .      (5) 
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Because the ordinate means the enthalpy changes in unit time, so the enthalpy 
can be obtained by integrating the DSC curves: 

=Δ
2

1

t

t

dt
dt

dH
H .      (6) 

Figure 4 shows the enthalpy curves of the three specimens at different heating 
rates and Table 2 lists the specific enthalpy data. It can be seen that the higher 
heating rates correspond to the larger enthalpy. The enthalpy of A specimens at 
10 °C/min is –132.61 KJ/mol, at 20 °C/min is –48.75 KJ/mol and at 30 °C/min it is 
–127.17 KJ/mol, respectively. The enthalpy of B specimens at 10 °C/min is 
11.12 KJ/mol, at 20 °C/min is 149.96 KJ/mol and at 30 °C/min it is 164.17 KJ/mol, 
respectively. The enthalpy of C specimens at 10 °C/min is 57.49 KJ/mol, at 
20 °C/min is 322.84 KJ/mol and at 30 °C/min is 456.18 KJ/mol, respectively. For 
the same specimens higher heating rates mean that the larger heating power, so the 
heat flows at higher heating rates are larger too, thus the enthalpies obtained are 
higher. For the A specimens when at the heating rates of 10 unit time 10 °C/min 
and 20 °C/min the enthalpy data are negative, but at 30 °C/min it is positive. The 
reason is that in the heating process the specimens have expansion and shrinkage 
stages, so there are endothermic and exothermic thermal effects. When heated at 10 
and 20 °C/min, the endothermic effects are greater than the exothermic effects, so 
the enthalpies are negative values. But at 30 °C/min the sintering residence times in 
a certain temperature range are shorter, thus both the endothermic and exothermic 
thermal effects will carry out less sufficiently. Meanwhile the increasing heating 
power promotes the exothermic effects, so the endothermic effects are less than the 
exothermic effects. Therefore, the enthalpy is positive value. For B and C 
specimens the shrinkage degree increases and the expansion ratio decreases [17], 
leading to the exothermic effects larger than the endothermic effects, so the enthal-
pies of the two specimens are always the positive value. Under the same heating 
rates, the enthalpy of C specimens is larger than that of B and C specimens. That is 
because the C specimens have the lowest expansion ratio and the highest shrinkage 
degree, so the whole endothermic effects are obvious. 

Table 2. The calculated enthalpies of three specimens at three heating 
rates 

Specimen  
A B C 

Heating rate, 
°C/min 

10 20 30 10 20 30 10 20 30 

Enthalpy, 
KJ/mol 

–132.61 –48.75 127.17 11.12 149.96 164.17 57.49 322.84 456.18 

 
Activation energy analysis 

Kissinger method is widely used in the thermal analysis [18]. According to the 
Kissinger theory, the relationships between the heating rates and the peaks of the 
DSC curves can be described as follows: 

R

E

Tpd

Tpd −=θ
)/1(

)]/[log( 2

,     (7) 

where θ is the heating rate, Tp is the curve peak, E is the activation energy, R is the 
constant, respectively. 
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Fig. 4. Enthalpy curves of three specimens (A (a), B (b), C (c)) at different heating rates: 10 (a), 
20 (b), 30 (c) °C/min. 
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θ1, θ2 are different heating rates, respectively. 

Then draw the relationship chart between 






 θ
2

ln
Tp

 and 1/Tp, the activation en-

ergy in the expansion–shrinkage conversion stage can be obtained from the straight 
slope. 

Table 3 shows the sintering kinetic data of the DSC curves. By drawing the 

relationship between 






 θ
2

ln
Tp

 and 1/Tp in Table 3, Fig. 5 can be obtained. The 

activation energy of A specimens is 57.9 KJ/mol, B is 66.1 KJ/mol and C is 
753.9 KJ/mol, respectively. 

The results show that the activation energy of A specimen is close to B speci-
men, but that of C specimen is 10 times higher than A and B. The reason is that 
sintering process has relations with the materials’ melting point. In powder metal-
lurgical theory, the sintering temperature should be 60 to 70 % of the melting 
point. The melting point of Cu element is 1084 °C, compared with Fe is 1535 °C 
and Co is 1495 °C, respectively. In the C specimens Fe and Co are the bulk phases, 
thus, in the sintering process more energy must be provided.  
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Table 3. The sintering kinetic data at different heating rates by Kissinger 
method 

Specimen 
Heating rate , 

°C/min 
Tp, °C Tp, K 

(1/Tp)⋅103,  
K–1 







 θ
2Tp

ln  

10 370 643.15 1.554847 –10.6302 

20 400 673.15 1.485553 –10.0282 

A 

30 430 580.15 1.723692 –9.32538 

10 392 665.15 1.50342 –10.6974 

20 406 679.15 1.472429 –10.046 

B 

30 443 716.15 1.396356 –9.74658 

10 436 709.15 1.410139 –10.8255 

20 440 713.15 1.40223 –10.1437 

C 

30 442 715.15 1.398308 –9.74379 
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Fig. 5. Activation energy of the three specimens: A (a), B (b), C (c). 

 
CONCLUSIONS 

All the three kinds of powders have endothermic process firstly, then turn into 
exothermic process with temperature. With Fe content increasing, the heat flow is 
larger. For the same specimens the DSC curves are sharper when heated at higher 
heating rate. 

The specific heat capacity curves of the three samples are similar to the DSC 
curves.  

For the same specimens the higher heating rates correspond to the larger 
enthalpy. Due to the endothermic and exothermic thermal effects the highest Cu 
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content samples have the negative enthalpies at 10 and 20 °C/min, but have 
positive enthalpies at 30 °C/min. 

The results show that activation energy of the 25 %Fe–15 %Co–60 %Cu speci-
mens is close to the 45 %Fe–15 %Co–40 %Cu specimens, but that of the 65 %Fe–
15 %Co–20 %Cu specimens is 10 times higher than the first two specimens.  
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При моделюванні процесу спікання без тиску досліджено термічні ефе-

кти в попередньо легованих порошках FeCoCu. З використанням методу Кіссінджера 
проаналізовано енергію активації на стадії розширення–усадка. Результати показують, 
що при збільшенні вмісту Fe значення питомої теплоємності демонструють тенденцію 
до зростання. Зразки 25 %Fe–15 %Co–60 %Cu мають негативні значення ентальпії при 
швидкості нагріву 10 ° і 20 °С/хв, але позитивні при 30 °С/хв. Для зразків з меншим вміс-
том Cu ентальпія завжди позитивна. Встановлено, що питома теплоємність і ентальпія 
більші при більш високіх швидкостях нагрівання. Енергія активації зразків 65 %Fe–
15 %Co–20 %Cu у 10 разів вища, ніж зразків 25 %Fe–15 %Co–60 %Cu і 45 %Fe–15 %Co–
40 %Cu. 

Ключові слова: попередньо легований порошок, питома теплоємність, 
ентальпія, енергія активації. 

 
При моделировании процесса спекания без приложения давления иссле-

дованы термические эффекты в предварительно легированных порошках FeCoCu. С 
использованием метода Киссинджера проанализирована энергия активации на стадии 
расширение–усадка. Результаты показывают, что с увеличением содержания железа 
значения удельной теплоемкости образцов демонстрируют тенденцию к повышению. 
Образцы 25 %Fe–15 %Co–60 %Cu имеют отрицательные значения энтальпии при скоро-
сти нагрева 10 и 20 °С/мин, но положительные при 30 °С/мин. Для образцов с меньшим 
содержанием Cu энтальпия всегда положительна. Установлено, что удельная теплоем-
кость и энтальпия больше при более высоких скоростях нагрева. Энергия активации 
образцов 65 %Fe–15 %Co–20 %Cu в 10 раз выше, чем образцов 25 %Fe–15 %Co–60 %Cu и 
45 %Fe–15 %Co–40 %Cu. 

Ключевые слова: предварительно легированный порошок, удельная те-
плоемкость, энтальпия, энергия активации. 
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