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Abstract

The computer modeling of the solidification process in castings with local composite reinforcement (LCR) obtained as a result 
of in situ reactions of self-propagating high temperature synthesis (SHS) is difficult due to limited data on the thermo-physical 
parameters of exothermic effects and the kinetics of the synthesis reaction. In the present study, Hadfield cast steel casting was 
manufactured with LCR containing titanium carbide particles obtained in situ by the SHS method. Reaction kinetics of titanium 
carbide synthesis in the composite casting were determined on the basis of temperature measurements in the area of LCR 
during the process. For the estimation of the reaction, the Fourier Thermal Analysis method was used. The paper presents the 
results of temperature measurement and the results of the calculation of SHS reaction kinetics. It was found that the reaction 
time under the conditions of the analyzed casting is below 3 s.
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1. INTRODUCTION

The creation of local composite reinforcements (LCR) zones 
with increased hardness and resistance to abrasion allows 
the extension of the working time of iron alloy castings. 
One of the most well-known methods of achieving this ef-
fect is the synthesis of the reinforcing phases as a product 
of an exothermic, chemical reaction occurring in situ in 
the selected areas of the casting. Reinforcing particles are 
formed during the reaction of the Self-Propagating High- 
-Temperature Synthesis process (SHS) in a component com-
posed of compressed powders containing synthesis reac-
tion reagents attached to the mold cavity.

The manufacturing and replacement of the ordinary cast 
parts with cast components with local composite zones is 
one of the important ways of the evolution of modern cast-
ing. Composite castings are characterized by the high hard-
ness of the local composite reinforcements (LCR), which 
directly influences the lifetime of these castings. One pop-
ular method to obtain LCR is by using in situ SHS processes 
during casting. This method makes it possible to obtain very 
hard localized composite zones reinforced with carbide 
particles. Correct selection of raw material composition for 
SHS reaction provides a hardness of reinforced sections at 
the level from HV650 to HV900 [1, 2]. 

The composition of the raw materials for the manufac-
turing of local composite zones includes both active com-
ponents (powders of the carbide-forming elements, such as 
titanium, tungsten, molybdenum and carbon powder) and 
a moderator. The moderator is used to improve dimensional 
stability and control of SHS reaction. The chemical compo-
sition of the moderator is usually similar to the base alloy 
chemical composition [3].

The energy which is released during the exothermic 
synthesis of reinforced particles in areas of LCR influences 
the temperature field in casting and in the mold. The ther-
mal effect of synthesis depends on the weight fraction of 
reagents and the moderator in compact. The control of the 
moderator weight fraction is a fundamental problem during 
LCR synthesis in castings. 

If the amount of active ingredients is small and the amount 
of moderator is large, the SHS reaction can be terminated 
before completion, due to the small amount of heat generated 
by the synthesis. This results in low infiltration, poor bond-
ing between the base alloy and LCR, and finally low proper-
ties in the local area of the composite. Otherwise, when the 
weight fraction of the reagent is relatively large, the amount 
of heat released as a result of the reaction to the surround-
ing volume causes the formation of coarse reinforcement 
particles, which are dispersed in the volume of the casting.
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The use of an excessive amount of active ingredients 
means that the synthesis temperature may clearly exceed 
the initial temperature of the liquid steel. Such an example 
is shown in Figure 1: the changes of temperature are pre-
sented in the SHS reaction zone (LCR1) and in the base car-
bon cast steel casting (L25GS, i.e. according to PN standard) 
at the distance of 10  mm from surface of compact. In the 
cited experiment, green compact was made from titanium 
and carbon powders in stoichiometric ratio. A high rate of 
temperature increase is visible after the beginning of the 
synthesis reaction in the component containing substrates 
for the formation of titanium carbide. Additionally, this heat 
affects solidification and leads to the formation of hot spots 
in the local area of the composite.

A significant amount of thermal energy introduced in 
these places into the casting must be taken into account 
when developing the technology for producing such cast-
ings. Designing the technological process of the produc-
tion of LCR castings encounters difficulties related to 
limited access to thermo-physical data and data concerning 
the kinetics of the fusion reaction of reinforcing phases. 
Problems related to the measurement and evaluation of 
exothermic material parameters in laboratory and industri-
al conditions are presented in [5–7]. 

The use of computer-aided analysis of cooling curves is 
known in foundry practice for measuring of exothermic 
transformation kinetics. The Fourier-Thermal Analysis 
(FTA) method makes it possible to estimate the intensity 
of exothermic processes occurring in the local volume of 
the analyzed material. The intensity of the thermal effect 
using FTA is assessed by comparing the rate of temperature 
change with a base line calculated from the Laplace opera-
tor of temperature.

The fundamentals of the Fourier Thermal Analysis (FTA) 
method has been presented in [8, 9]. In these papers, FTA 
has been used to determine the kinetics of gray cast iron 
solidification in the local region. Later, the FTA method has 
been successfully used to characterize the solidification 
process for various metal alloys, such as: aluminum-based 
materials [10–15], magnesium alloy [16], different Pb-Sb 
alloys [17], and for cast-composites [18]. As it has been 

proven in [19], the FTA method can also be used to ana-
lyze the kinetics of thermal decomposition of resin binders 
intended for use in molding sands. 

In this paper, the FTA method was used to assess the ther-
mal effect of an exothermic SHS reaction in the LCR area in 
steel castings.

2. THEORETICAL BASIS

A non-steady state temperature field in the medium with 
an exothermic or endothermic reaction can be described 
by the Fourier equation which includes a heat source:

2T Qa T
t c

∂
= ∇ +

∂



(1)

where:

T t∂ ∂ –
 

the rate of material cooling, K/s,
a – the thermal diffusivity, m2/s,
Q – volumetric heat generated or absorbed by the 

substance matter during the reaction, W/m3,
c – the volumetric specific heat, J/(m3K),

2∇ – the Laplace operator ( 2 2 2 2x y z∇ = ∂ ∂ + ∂ ∂ + ∂ ∂  ),
T – temperature, K.

For the estimation of heat generation rate, at the first 
stage of FTA the apparent value of the temperature diffusiv-
ity of the substance (aav, m2/s) should be determined on the 
basis of the temperature measurement at several points of 
the analyzed sample. This value is determined by dividing 
the rate of temperature changes by Laplacian of the tem-
perature 2T∇ :

av 2

T
ta
T

∂
∂=
∇

(2)

Outside the reaction zone, the apparent value of tempera-
ture diffusivity (aav, m2/s) is slightly dependent on the tem-
perature. In the reaction zone, the changes are intense and 
irregular. 

At the second stage of FTA, the interpolated value of the 
temperature diffusivity aint should be estimated for the 
reaction period on the basis of the temperature diffusivity 
levels of the analyzed substance before (a1) and after (a2) 
the exothermic reaction. For precise analysis a1 and a2 val-
ues can be measured in laboratory conditions. In the case 
of approximate calculation, these parameters can be deter-
mined graphically from “aav-time” diagram at the beginning 
and end of the range of irregular changes of the apparent 
temperature diffusivity. 

Heat generation rate can be estimated based on the 
results of measurements using the equation:

( ) 2
av int

Qq a a T
c

= = − ⋅∇


 (3)

For the measurements, the temperature-time derivative 
and second spatial temperature derivative are replaced 
in the Equations (2) and (3) by proper central differential 
quotients.

Fig. 1. Temperature changes in steel casting and in the SHS reaction 
zone [4] 
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Volumetric heat released as a result of the exothermic 
reaction should be calculated by temporal integration 
between the time instants of the reaction start (t1) to reac-
tion finish (t2):

( )
2

1

t

t

H q c d∆ = τ ⋅ ⋅ τ∫  (4)

Let as assume that changes of the volumetric specific heat 
of the analyzed substance with respect to the average  
value c are small during the reaction period. Under such 
conditions:

( )
2

1

t

t

H q d
c
∆

≈ τ ⋅ τ∫  (5)

and q.  value (measured by K/s) may be used for the indica-
tion of the reaction rate. In this case, the conversion level of 
the analyzed exothermic reaction f may be calculated by the 
numerical integration of this value by time in the following 
way:

( )
( )

1

t

t

q d
f t H

c

τ τ

=
∆

∫ 
(6)

where t1 and t2 mean the time instants of the reaction begin-
ning and end.	

Extent of the SHS reaction can be calculated on the basis 
of Equations (5) and (6) as:
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(7)

3. EXPERIMENTAL PART

In the experimental part, measurements of the tempera-
ture field were carried out. The scheme of experimental 
casting is presented in Figure 2. The base casting was 
made of Hadfield cast steel (grade GX-120Mn13 according 

to PN-EN 10349:2009 standard). The compact, which was 
made of pressed powders, was attached to the mold cavity 
surface. The compact was made from titanium and carbon 
powders (44 µm) in amount of 50 wt.% and a moderator 
which balanced the weight. 

The chemical composition of the moderator correspond-
ed to the composition of Hadfield cast steel, which was 
selected as the base material. The strict chemical composi-
tion of the compact is shown in Table 1. 

 The diameter of the compact was 30 mm, and the height 
was 10 mm. Compaction was carried out at a pressure of 
450 MPa. In the compact, 3 thermocouples type S were 
installed with the step equal to 5 mm. Positions of the ther-
mocouples are presented in Figure 2. All of the thermocou-
ples were placed in quartz tubes with an external diameter 
of 3 mm. 10 mm wide plates of insulating material, made 
from aluminum silicates fibers, were mounted on the top 
and bottom sides of compact to minimize the vertical com-
ponent of the heat flow in the LCR region. 

Temperature measurement was performed with a multi-
channel Agilent 34970A data logger. The device performed 
temperature measurements at uniform time intervals of 
288 ms. The obtained time step for recording measure-
ments for each of the four thermocouples was 1.153 ms 
respectively.

The evaluation of the radial temperature gradient in the 
cylindrical compact was calculated using the central dif-
ference scheme for points located 2.5 mm (on the base of 
temperature measurement in the points R0 and R5) and  
7.5 mm (on the base of temperature measurement in the 
points R5 and R10) from the compact axis of symmetry. In 
the center point of the compact, the constant temperature 
gradient equal to 0 K/m was assumed due to the axial sym-
metry of this element.

Fig. 2. Pattern of experimental casting

Table 1	  
Chemical composition of compact, wt.%

C Ti Fe Mn Si

9.1 41.5 38.7 10.5 0.3
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4. RESULTS AND DISCUSSION

The results of temperature measurements are shown in 
Figure 3. 

Temperature recorded by individual thermocouples ris-
es during the mold filling period. It can be noted that, when 
the temperature in the liquid steel area exceeds approx. 
600°C, the rate of temperature increase in the liquid steel 
area grows significantly. This is confirmed by the presence 
of a local minimum on the temperature change rate curve 
in the base steel area between 2 and 3 seconds of the proc- 
ess (see Fig. 4). This effect can be linked with the fact that 
the time instant of the exothermic SHS reaction starts in the 
neighboring compact. It is noteworthy that the relatively low 

starting temperature of titanium carbide synthesis indicates 
the very good wettability of components by liquid steel.

The maximum temperature recorded in the area of the 
synthesis is over 50 K higher than that recorded in the base 
casting area (Fig. 3c). The difference between the tempera-
ture in the LCR zone and in the casting area disappears after 
about 25–30 s from the start of mold filling (Fig. 3c).

The diagram of temperature gradient change, calculated 
on the basis of the recorded temperature measurements, is 
shown in Figure 5. A change of temperature gradient vec-
tor sense in point 7.5 mm from the compact center after 
approximately 5.5 s means that the direction of the heat flux 
changes from that moment on. If the central part of the com-
pact was initially heated by the steel poured into the mold 
cavity, and the SHS reaction heat from the outer layer of the 
compact itself, then from this point of time the temperature 
in the axis of symmetry of the compact becomes higher, and 
the central part of the compact is itself cooled through its 
external layers and the adjacent casting material.

The axial symmetry of the compact is taken into account 
by the calculation of the Laplace operator numerical esti-
mation for the temperature field. The following equation 
was used in this case:

2 1

2
2 1

2 2 2
2 1

grad grad
r r

r T r TT
x r r

−∂
≅

∂ −
(8)

Fig. 3. Temperature changes in the measurement points in the 
casting and the LCR zone: a) general view; b) temperature increase 
in the initial period; c) enlargement of the area marked in Figure 3a

0

200

400

600

800

1000

1200

1400

1600

0 10 20 30 40 50 60 70

Te
m

pe
ra

tu
re

, °
C

Time, s

Base Steel
5 mm (R=10)
10 mm (R=5)
15 mm (R=0)In

se
rt

0

200

400

600

800

1000

1200

1400

1600

0 1 2 3 4 5 6 7 8 9 10

Te
m

pe
ra

tu
re

, °
C

Time, s

Base Steel
5 mm (R=10)
10 mm (R=5)
15 mm (R=0)In

se
rt

1300

1350

1400

1450

1500

1550

0 5 10 15 20 25 30

Te
m

pe
ra

tu
re

, °
C

Time, s

Base Steel
5 mm (R=10)
10 mm (R=5)
15 mm (R=0)In

se
rt

Fig. 4. The rate of temperature changes temperature during mold 
cavity pouring and SHS reaction of LCR formation in the base 
casting and in the synthesis zone 
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The results of this assessment are shown in Figure 6.	

The measure of the SHS reaction rate q.    is calculated using 
Equation (3) based on the data presented in Figures 4 and 6. 
The results of the calculation are presented in Figure 7. The 
history of the degree of transformation changes calculated 
from Equation (7) are presented in Figure 8.

As it follows from the obtained results, the FTA method 
may be used for the estimation of the in situ SHS exothermic 
reaction rate in the case of LCR zone formation in the cast-
ing. Calculations were performed on the basis of the meas- 
urement results for a compact with a cylindrical symmetry 
30 mm in diameter prepared from the raw materials for 

SHS. The estimation results characterize local volumes. In 
the two cylindrical zones of the compact, the same reaction 
completion time equal to 3 s was obtained. In the cylindrical 
layer within radius boundaries of 7.5 to 2.5 mm, the reac-
tion starts at the time instant of 3 s. In the cylindrical zone 
with a radius of 2.5 mm, the reaction starts 1 s later. These 
results show that the synthesis rate of titanium carbide in 
substrates for LCR production is very high. The velocity of 
the reaction front migration from one of the above volumes 
to the other is nearly 5 mm/s. 

5. CONCLUSIONS 

In this paper SHS of titanium carbide in cast steel casting 
was investigated experimentally and numerically. The fol-
lowing conclusion have been reached:

1.	 Temperature measurements were carried out in the 
molded compact prepared from titanium and carbon 
powders (44 µm) in amount of 50 wt.% and modera-
tor (Hadfield steel) during the filling of the mold cavity 
and in situ SHS reaction of carbide synthesis in the steel 
casting.

2.	 The Fourier method of thermal analysis was used to es-
timate the kinetics of the in situ exothermic SHS reaction 
of carbides synthesis in the two cylindrical volumes of 
the LCR zone. 

3.	 The time of the SHS in situ reaction completion during 
LCR zone formation in the steel casting, as estimated by 
the FTA method, is nearly 3 s. The velocity of the syn-
thesis reaction front migration is estimated at 5 mm/s. 
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