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Abstract
Ti-6Al-4V titanium alloy is widely used in industrial applications such as aeronautic and aerospace due to its good mechan-
ical properties at high temperatures. The aim of the work is to determine the heat capacity of the thermal cycled titanium 
alloy. The cylindrical specimens of dimension 3 ± 0.1 mm in diameter and 2.5 ± 0.1 mm in length were machined from the 
CNC machine. The specimens were subject to two different types of heat treatments (Solution treated and annealed). First 
type of heat treatment (annealing) is processed by heating the specimen to a temperature of 7500 C for 4 hours and it is 
cooled in the furnace to reach the atmospheric temperature. Second type of heat treatment (solution treating) is processed 
by the specimen is heated to a temperature of 9750C for 1 hour and it is quenched in a solution containing water with 5% 
of caustic soda. After quenching (delay of 6 second), aging was done at 4500 C for 4 hours and then it is furnace cooled to 
reach atmospheric temperature The heat treated specimens were thermal cycled in a specially designed thermal cycling 
apparatus for different cycles Heat flow and the flow of energy into or out of the sample as a function of temperature was 
measured by using Differential Scanning Calorimetry (DSC). The heat flow response is recorded as a function of actual 
sample temperature range from -120˚ C to 380˚ C. The measurements of the heat capacity by DSC with an accuracy of ±2% 
have been reported. This study restrict the use of DSC as a truly quantitative calorimetric technique and concentrates 
mainly on the practical set of experimental heat capacity data measured over a temperature range for different aerospace 
materials being used/developed indigenously for the Indian Space Programme.
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1.  Introduction
Ti-6Al-4V materials are used for aerospace applications, 
because of the high strength-to-weight ratio, enhanced 
mechanical and thermal properties over conventional 
materials. Tailored made properties make them attractive 
in a variety of applications. This study restricts the use of 
DSC as a truly quantitative calorimetric technique and 
concentrates mainly on the practical set of experimental 
heat capacity data measured over a temperature range for 
different thermal cycled Ti-6Al-4V materials. Calorimetric 
is an analysis technique, which is a part of thermal analy-
sis methods. In its broadest sense, thermal analysis refers 
to the measurement of changes in properties of sub-

stances under a controlled temperature program. The most 
commonly used temperature programs are either isother-
mal hold or heating at constant rate. Apart from the more 
common applications, calorimetry has been applied exten-
sively to the analysis of light metals: especially Titanium 
based alloys [1]. The performance of the ‘Thermal Control 
System’ (TCS) totally depends upon the thermal behaviour 
of the materials used in its elements. The measurements of 
the thermal properties of materials are fundamental for bet-
ter understanding of the thermal design. The external heat 
load variation to the spacecraft causes a rise in temperature, 
which is inversely proportional to the thermal capacity. In 
spacecrafts, higher thermal capacity will cause a lower tem-
perature swing during an orbit. Historically, specific heat 
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capacity has been measured at room temperature and is 
assumed to be invariant with temperature. But, the heat 
capacity of solid materials increases steadily with rise in 
temperature and decreases rapidly with decreasing tem-
peratures [2]. Experimentally, the specific heat capacity is 
often derived from measurements of the rates of heat input 
and temperature rise of the specimen (or) from the mea-
surements of the changes in enthalpy (or heat content) of 
the specimen with changing temperature. The calorimetric 
techniques are best suited for the experimental determi-
nation of specific heat capacities. The thermal technique 
Differential Scanning Calorimetry (DSC) is applicable 
for the measurement of specific heat capacity of chemi-
cally stable, non-volatile, condensed phases, solids, pastes, 
powders and nonvolatile liquids with an accuracy of ±2% 
or less. Measurement of heat capacity (Cp) has generally 
been regarded as the ultimate test for characterizing a 
material, as it is a bulk property that gives more informa-
tion for thermodynamic studies [5]. Calorimetry has been 
applied extensively to the analysis of light metals, especially 
Titanium based alloys.

Thermal cycling is a temperature modulation process 
developed to improve the performance, strength and lon-
gevity of a variety of materials [3]. Probably best described 
as ‘advanced cryogenics’, thermal cycling has been applied 
chiefly to metals to-date; It is currently used by a num-
ber of industries where enhanced material performance 
is desired. During the thermal cycling process, materials 
are alternately cooled and heated until they experience 
molecular reorganization. This reorganization ‘tightens’ or 
optimizes the particulate structure of the material through-
out, relieving stresses, and making the metal denser and 
more uniform (thereby minimizing flaws or imperfections). 
The tighter structure also enhances the energy conductiv-
ity and heat distribution characteristics of the material 
[4]. Thermal Cycling minimizes ‘hotspots’, enhances cool-
ing, and impedes the ability and tendency of metals to 
vibrate. Significantly reducing vibration as a factor in metal 
fatigue slows down the metal’s eventual failure or breakage. 
Corrosion resistance is enhanced as a result of molecular 
uniformity because the metal’s ability to impede oxidation 
and chemical degradation is strengthened.

2.  Experimental Study
The cylindrical specimens of dimension 3 ± 0.1 mm 
in diameter and 2.5 ± 0.1 mm in length were machined 
from the CNC machine. The specimens were subject to 

two different types of heat treatments (Solution treated 
and annealed).The heat treated specimens were thermal 
cycled in a specially designed thermal cycling apparatus 
as shown in Figure 1. The basic thermal cycling appara-
tus comprises a muffle furnace, forced air cooling unit, 
electronic experimental controls unit and timer unit. The 
timer unit controls the heating and cooling time period 
of the cyclic process and regulates the flow of compressed  
air to the pneumatic cylinder through the electrically oper-
ated pneumatic valve. Further the experimental set-up 
consist of pneumatic components like double acting recip-
rocating air compressor, air control main valve, air filter, 
air regulator, air lubricator, electrically operated pneumatic 
valve and pneumatic cylinder. The pneumatic cylinder pis-
ton carries the cage, in which the test sample is placed. The 
cage is made up of stainless steel with three compartments 
to carry similar test samples in it. The timer unit counts 
the number of cycles and stops the process after com-
pleting the required number of cycles. Manual handling 
and monitoring of the sample during the thermal cycling 
process is minimized due to this automation. Pneumatic 
piston actuator was built to cycle the specimen in and out 
of the furnace. Where, the required temperature was main-
tained in the furnace. The thermal cycle imposed had dwell 
time of 2 minutes in and out of the furnace. Samples were 
cooled by forced air cooling at a pressure of 2 bars. Heat 
treated specimens were subjected to thermal cycling in the 
range of 500, 1000 and 1500 cycles.

The measurement of Cp has been carried out with a 
commercially available research grade Differential Scanning 
Calorimeter (DSC – Model Q 100, V2.1, TA Instruments, 
USA) whose operation is based on the thermal heat flow 
technique. This measurement involved three DSC scans— 
base line, standard reference and the test specimen. The 
first run was taken as the baseline. The second run was 
taken with the standard reference material (sapphire) in 
the cell. Then, the third run was taken with the sample  
in the cell. During these runs, the sapphire and the unknown 
sample are placed on the same place inside the DSC cell. 
The heating rate selected was 20°C/min from 150° to 400°C. 
Nitrogen was used as a purge gas at the flow rate of 50.0 
ml/min. To minimize the errors in measurements, all runs 
were carried out directly without using any crucible in the 
same instrument under identical heating conditions. There 
is an improvement of the temperature resolution due to the 
decrease in the response time of the apparatus. The masses 
of specimen were determined by weighing in an accurate 
digital single pan balance and maintained close to the mass 
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of the standard reference material to obtain the required 
accuracy.

The DSC cell was calibrated before unknown sample 
measurements with high-purity SRM such as Tin and 
Indium procured with certified latent heats and melting 
points. Then, it is calibrated with standard synthetic sap-
phire procured from TA Instruments (USA), which is the 
reference material and scan for the heat flow calibration 
before the Cp measurements of samples [5]. The sapphire 
gives reliable, well-certified measurement data which are 
reproducible and reported [6]. The thermal change occurred 
in the sample material during the temperature range under 
consideration with reference to that of the standard refer-
ence material provides the base for the Cp measurement. 
The temperature difference between the standard refer-
ence material and the sample is directly proportional to the 
temperature difference between them. Based on the heat 
flow (W/g), total heat (J/g) at a particular temperature (°C) 
point in the selected measurement range, the heat capac-
ity (J/g/°C) was computed by the built in custom made 
Advantage™ software. In all the cases, measurements were 
made with a minimum of two samples. The measurement 
on each sample was carried out at least thrice. Instead of 
preconditioning the samples in a separate furnace the first 
run carried out inside the cell, which helps to remove the 

process-induced residual stresses and the surface absorbed 
moisture. The second run carried out after cooling the 
sample to room temperature, without disturbing the exper-
imental set-up, provided realistic values. In all cases, the 
measured values obtained in the second run were better 
and reliable. The systematic errors can be reduced by good 
up keeping and careful calibration of the system. Repeat 
measurements confirm the precision of the measurement 
data. The individual contributions of errors were worked 
out and the total measurement error in Cp measurement by 
DSC is restricted to ±2% by adopting a well-laid systematic 
measurement approach [7].

3.  Results and Discussion
The heat capacity measurements were carried out on each 
two samples of the thermal cycled titanium specimens. 
Measurements were carried out twice in all six samples 
Instead of preconditioning the samples in a separate fur-
nace, the first run carried out inside the module which 
helps to remove the process-induced residual stresses and 
the surface absorbed moisture. The second run carried out, 
after cooling the sample to room temperature, without dis-
turbing the experimental set-up, provided realistic values. 
The heating rate selected was 20°C/min from -150°C to 

Figure 1.  Thermal cycling apparatus.
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400°C. Nitrogen was used as a purge gas at the �ow rate of 
50.0 ml/min. �e DSC traces of the heat capacity and total 
heat as a function of the temperature were plotted.

�e heat capacity of thermal cycled titanium alloy was 
measured. �e heat treatment and thermal cycling in�u-
ence the resultant heat capacities of the alloy. �e results of 
the heat capacity measurement are shown in Figures 2–6 as 
a function of temperature. Figures 2 & 3 shows the varia-
tion in the measured heat capacity between the 500, 1000 & 
1500 cycles.

From Figure 2, it is observed that the heat capacity of 
the samples increases with an increase in temperature. 
Speci�c heat capacity of the 1500 cycled specimen shows 
higher value when compared to 500 & 1000 cycles. �ermal 
cycling in�uences the speci�c heat capacity value at higher 
number of cycles and it is proved in the solution treated 
specimen also , which is shown in Figure 3. Solution treated 
specimens always shows the higher speci�c heat capacity 
value when compared to annealed specimen in all the three 
cycles (500,1000 &15000 ) is shown in Figure 4-6. and this 

is because of heating the α-β alloy to the solution treating 
temperature produces a higher ratio of β phase. �is parti-
tioning of phases is maintained by quenching and subsequent 
aging provides high strength. Both annealed and solution 
treated specimen shows higher value of speci�c heat capac-
ity when compared to without thermal cycled specimens. 
A marginal variation of speci�c heat capacity value occurs 
a�er the temperature reaches 100 °C for the annealed and 
solution treated specimen is witnessed from Figures 4, 5, 
6. At ultra low temperature there is no marginal change in 
the speci�c heat capacity value (-120°C- 60°C). Solution 
treated specimens exhibits a marginal rise when compared 
to annealed specimen at higher temperature. From - 40°C 
onwards the speci�c heat capacity value of solution treated 
specimens gets deviated from the annealed specimen. �e 
speci�c heat capacity value of 0.5263 J/g/°C was obtained 
at - 40°C itself with the in�uence of thermal cycling. From 
Figure 2-6 it is observed that the heat capacity increase is 
not perfectly linear, and this can be attributed to an increase 
in the amplitude of vibration of the atoms of the constitu-
ents of the material with increase in temperature. �ermal 
cycling in�uences the heat capacity up to 1000 cycles.

�e Heat capacity data for Ti-6Al-4V alloys, measured 
with the intermediate temperature does not show any 
abrupt changes in slope. Figure 2-6 shows the speci�c heat 
capacity in the temperature range of -120°C to 380°C. For 
all two heat treated specimens, the heat capacity increases 
monotonically in this temperature range. For solution 
treated specimens, the higher slope in the heat capacity 
above 100°C is probably due the heat absorbed during the 
dissolution of precipitates still remaining in the micro-
structure at these temperatures [8-10]. Brooks et al. have 
reported two polynomials covering data measured by adia-
batic calorimetry. �e present work extends the technique 
to industrial alloys. Since reliable literature data are not 
available for the �ermal cycled alloys, a thorough valida-
tion was not possible [11]. In the range where data were 
available for comparison. �e slope computed from the 
polynomial, representing Brook et al.’s high temperature 
data is in good agreement with the slope above 300°C [12], 
of the current work. However, the polynomial does not 
extend into the range of high-temperature data of the cur-
rent work. So, an extended comparison cannot be made. 
For Ti-6Al-4V, Cp data above 300 °C is in reasonably good 
agreement (< 13% average di�erence) with data measured 
by Cezairliyan et al. [13] using a similar system.

�e second run shows the measured value trends are in 
similar patens. �e variations in heat capacity of alloy are 

Figure 3. Heat capacity of di�erent thermal cycled (500, 
1000, 1500 cycles) solution treated specimens (SHC).

Figure 2. Heat capacity of di�erent thermal cycled (500, 
1000, 1500 cycles) annealed specimens (AHC).
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due to thermal cycling. �e heat capacity measurement of 
two heat treated alloy shows, similar patens of exothermic 
and endothermic peaks at same temperature values. From 
Figures 7-9, it is observed that the total heat calculated is 
linearly increases with increase in temperature. Further, the 

linear reduction of total heat is observed Data generated 
from these experiments �ll the void for the thermo physi-
cal properties of heat treated and thermal cycled titanium 
alloys in temperature ranges (-120°C to 380°C). From the 
interpretation of thermo physical property data measured 

Figure 4. Heat capacity of 500 thermal cycled annealed & 
solution treated specimens.

Figure 5. Heat capacity of 1000 thermal cycled annealed & 
solution treated specimens.

Figure 6. Heat capacity of 1500 thermal cycled annealed & 
solution treated specimens.

Figure 7. Total heat of 500 thermal cycled annealed & 
solution treated specimens.

Figure 8. Total heat of 1000 thermal cycled annealed & 
solution treated specimens.

Figure 9. Total heat of 1500 thermal cycled annealed & 
solution treated specimens.
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by this techniques shows the heat treatment history, phase 
stability, are well understood

Influence of heat treatment and thermal cycling on the 
specific heat capacity of Titanium (Ti-6Al-4V) alloy were 
investigated.

4.  Conclusions
Heat capacity of heat treated (Solution treated and annealed) 
and thermal cycled (500, 1000, 1500 cycles) Titanium 
(Ti-6Al-4V) alloy specimens were analyzed at ultra-low 
temperature (-120°C) to 380°C. Heat capacity study from 
the samples has led to the following inferences.

1.	 The heat capacity of both solutions treated and 
annealed specimens increases with an increase in tem-
perature.

2.	 Thermal cycling influences the increase of heat  
capacity in both solutions treated and annealed speci-
mens.

3.	 Solution treated specimen shows higher value when 
compared to annealed specimen.

4.	 Solution treated and annealed specimens has higher 
heat capacity value when compared to without heat 
treated specimen.

5.	 Solution treated specimen shows higher value after 
300°C for all the three cycles.

6.	 At ultra low temperature there is no marginal change in 
the specific heat capacity values (-120°C- 60°C)

7.	 From - 40°C onwards the specific heat capacity value of 
solution treated specimens gets deviated from the spe-
cific heat capacity value of annealed specimen.

8.	 There is no marginal difference in total heat for 
Solution treated and annealed specimens in all the 
three cycles.

9.	 The average absolute deviation in specific heat capac-
ity is about 10% for annealed specimen. The average 
absolute deviation is about 12% for solution treated 
specimen.
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