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Abstract The present research aims at developing a new

quantitative thermal analysis method based on differential

scanning calorimeter for determination of cristobalite

phase content in ceramic cores. For this purpose, various

control samples with different amounts of cristobalite

phase were made based on the chemical composition of

silica-based ceramic cores and analyzed via differential

scanning calorimetry (DSC) technique. The surface area

under the a ? b cristobalite transition peak in the DSC

curves was calculated via numerical integral of the peaks

area, and the ratio of this area to the samples weight (A/W)

was calibrated by cristobalite content of the samples.

Afterward, for determining the cristobalite content of some

industrial samples, the DSC patterns were plotted, and the

A/W ratio of these samples was determined by the same

method. Then the A/W ratios of the industrial samples

were fitted on the calibration line, and the cristobalite

content was derived using the equation of the calibration

line. The method showed good accuracy, and the error

values of the estimated cristobalite content of the industrial

samples were below 2 %.
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Introduction

In the manufacturing of the superalloy gas turbine, the

proper design of internal structures such as cooling pas-

sages is very important. Ceramic cores based on fused

silica or cristobalite are attractive choices because of their

unique properties such as resistance to thermal shock, low

creep, chemical compatibility with the molten metal, open

porosity ([20 % to facilitate chemical dissolution after

casting), and finally near-zero sintering shrinkage in order

to retain the highly precise shape and size of the cast part

[1]. Since cristobalite content of the ceramic cores could

change during sintering, determination of the cristobalite

phase content after sintering is a key parameter to control

the quality of the cores [2]. Therefore, quantitative analysis

of the cristobalite and other polymorphs of silica were

developed in several researches using different methods

such as X-ray diffraction and differential scanning calo-

rimetry [3, 4]. The transition of a ? b cristobalite phases

has been extensively investigated from a structural point of

view [5–7]. Hand et al. [8] showed that the smaller particle

sizes lead to the formation of cristobalite with lower

inversion temperatures, smaller degree of hysteresis, and

broader inversion peaks in DSC curves.

Watson et al. [9] described the relationship between the

area under the transition peak and the enthalpy of phase

transformation of materials. Further researches of Ibrahim et al.

[4] developed a method to calculate the phase contents of quartz

and cristobalite directly without plotting a calibration line.

Although such methods need a calibrated device, Ibrahim et al.

measured cristobalite and quartzite phase contents in the

samples with unknown phase compositions and did not

determine the accuracy level of the method.

Through the recent decade, many studies can be found

in the literature focusing on DSC and quantitative analysis
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of organic and inorganic materials [10–13]. Since enthalpy

of the reactions or transformations was calculated via DSC

analysis, the literature was in lack of reliable reports

relating the phase content to enthalpy of the reaction or

transformation. In the present research, a novel method

based on numerical integral calculation of specified sam-

ples using DSC patterns is developed, and a calibration line

is derived determining cristobalite phase content in silica-

based ceramic cores.

Experimental

Raw materials used in this research are presented in Table 1.

The powders were prepared according to the formulations

mentioned in Table 2 and mixed in PTFE jars using alumina

balls and methanol as mixing media for 24 h. The mixtures

were dried and sieved to pass from a 325 mesh sieve. The

used DSC system was a Pyris 6 system with platinum pans

under nitrogen gas flow 20 mL min-1. Two different heat-

ing and cooling rates of 0.166 (S1) and 0.333 (S2) �C S-1

(equal to 10 and 20 �C min-1, respectively) were adjusted in

all characterizations. Since the cristobalite transformation

peak of some samples, specifically those containing low

amount of cristobalite phase, were not very clear during the

heating period, the cooling patterns were investigated for all

measurements.

Results and discussion

Figure 1 shows the DSC patterns of CS1 and CS5 samples in

heating and cooling cycles. In order to calibrate the cristo-

balite content versus surface area under the transformation

peak, exact determination of this area is an important point to

calculate the cristobalite phase contents of samples. While

the cooling patterns of these two samples show a sharp and

clear peaks related to cristobalite transition at 220 �C, the

heating pattern of CS1 sample shows a wide and weak peak.

So the cooling patterns of all samples were selected to do all

calibrations and calculations.

Figure 2 shows the DSC cooling patterns of control

samples with cooling rate of S1. By increasing the amount

of cristobalite phase in the samples, the transformation

peak became sharper. In addition, the transition of a ? b
occurred from 240 to 260 �C in the heating and from 220 to

240 �C in the cooling period which has been reported also

by other researchers [13]. Hill and Roy [14] assigned the

inversion temperatures at 267 �C (heating) and 242 �C

(cooling) for cristobalite phase. The difference between the

cristobalite transition temperature in heating and cooling

could be attributed to the temperature differences which are

caused by the very small heat transfer rate differences

inside the DSC system; so there must be a heat transfer lag

between the sample and sensor [15]. Table 3 shows the

enthalpy changes (DH) calculated for cristobalite inversion

in different researches [16–18].

According to the Eq. 1, the surface area under the

inversion peak (A) refers to the amount of heat released by

the a ? b inversion; so the ratio of this area to the sample

weight (W) gives the enthalpy (DH) of the a ? b inversion

related to the cristobalite content of sample [10]. In this

equation, v is a constant value which is related to the cell,

sensitivity, and time [4] and can be calculated by above

information and the enthalpy inversion.

DH ¼ v
A

W
: ð1Þ

Figure 3 shows the DSC curves of the control samples

with cooling rate of S2. The method of calculating the

integral of a ? b inversion peak is presented by Eqs. 2

and 3. In addition, a schematic of the integral calculation in

graphs is displayed in Fig. 3. By comparing these two

cooling rates, it is obvious that the second rate shows the

inversion peak more clear than the other one. So, it seems

that the integral calculation using the S2 rate reaches to

more accurate values. In addition, Hakvoort et al. [15]

reported that by increasing the heating and cooling rates in

Table 1 The specification of the used raw materials

Materials Purity/

mass%

Mean particle

size/lm

Source

Fused Silica [98 75 Remet/UK

Cristobalite [99 45 Sibelco/Belgium

Alumina [99.5 4 Pechiney/France

Zircon [98 1.5 Johnson Matthey Co./Italy

Table 2 Composition of samples

Sample code Content/mass%

Cristobalite Zircon Alumina Fused silica

Calibration samples

CS1 5 20 5 70

CS2 15 20 5 60

CS3 30 20 5 45

CS4 50 20 5 25

CS5 70 20 5 5

Industrial samples

IS1 6.5 6.5 3 84

IS2 34.5 10.5 3.5 51.5

IS3 19.5 5.5 6.5 68.5

IS4 44.5 20.5 2.5 32.5

IS5 11 17.5 1.5 70
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differential scanning calorimetry, the calculated enthalpy

of the reactions from the DSC curves has better accuracy.

Furthermore, by increasing the heating or cooling rate of

the samples, the inversion time could be decreased. How-

ever, according to Eq. 1, if v factor decreases, because of

the constant amount of DH and the equal amount of mass,

the A (Area of the inversion peak) will be increased.

In the Eqs. 2 and 3, A is the calculated area of the

cristobalite transformation peak, T is temperature, T1 and

T2 are the starting and finishing temperature of the inver-

sion, DT is equal to 0.3333 �C, Tn is the temperature in nth

step, l is base line, fT is heat flow during cooling period as a

function of temperature, and finally nf is the number of

steps.
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Fig. 1 The DSC heating and cooling patterns of CS1 and CS5 samples
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Fig. 2 DSC patterns of control

samples with cooling rate of S1

Table 3 The enthalpy changes in cristobalite inversion

DH/J g-1 Source Year Reference

18.392 Sabatier 1957 [16]

13.794 Majumdar et al. 1964 [17]

13.376 Lakoday et al. 1956 [18]
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Fig. 3 DSC patterns of control samples with cooling rate of S2 and a

schematic of integral calculation. L is the base line as a function of

temperature
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A ¼
ZT2

T1

ðl� fTÞdT ;
l ¼ aT � b

fT ¼ Heat flow
ð2Þ

A ¼
Xn¼nf

n¼1

�
ðl Tnð Þ � f Tnð ÞÞDT

�DT ¼ 0:3333 �C

nf ¼ T2�T1
DT

ð3Þ

According to the cristobalite contents of the control

samples, two calibration lines are drawn for both cooling

rates in Fig. 4. This figure shows that the A/W ratio is a

linear function of cristobalite content of the control sam-

ples. In addition, the R2 value of S2 cooling rate is closer to

1, which indicates the accuracy of the linear functions.

Finally, according to R2 values of the lines in this study and

the other available results in literature [15], the higher

cooling rate (S2) should be selected for quantitative thermal

analysis of industrial sample. Figure 5 demonstrates the

cooling curves of the industrial samples. Similar to the

above procedure, the integral of the transition peak of

cristobalite was calculated, and the A/W ratio was extrac-

ted from the Eqs. 4 and 5 and demonstrated in Fig. 6.

AS1

W
¼ 0:0242Xcristobalite þ 0:0807: ð4Þ

AS2

W
¼ 0:0487Xcristobalite þ 0:0631: ð5Þ

Figure 6 indicates the A/W ratio of the industrial sam-

ples (IS1–IS5) extracted from the DSC patterns, and the

calculated amounts of cristobalite phase are mentioned in

Table 2. This figure shows that the calculated amounts of

cristobalite phase in the industrial samples are located

exactly on the calibration line, which shows the precision

of this procedure. As it can be seen in Table 4, the error

values of the estimated cristobalite content of the industrial

samples were below 2 %, which demonstrates high accu-

racy of the procedure.

Conclusions

The cooling DSC patterns show strong, sharp, and clear

peaks related to the cristobalite transition in 220 �C while

the heating patterns of samples containing low content of

cristobalite show weak and wide peaks at higher temper-

atures near 260 �C. Furthermore, with higher cooling rate

of samples, the calibration line has a better accuracy due to

the clearness of respective DSC cooling patterns. The

calculated cristobalite content of industrial samples fitted

exactly on the calibration line extracted from DSC cooling

pattern of control samples, which caused novel accuracy in
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Fig. 4 Calibration lines of control samples based on the cooling rates

of S1 and S2
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Fig. 5 DSC patterns of industrial samples based on S2 cooling rate
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Fig. 6 Calculated A/W values of industrial samples

Table 4 Real and calculated amounts of cristobalite phase in the

industrial samples

Samples code Cristobalite content/mass%

Real Calculated

IS1 6.5 6.89

IS2 34.5 33.65

IS3 19.5 17.94

IS4 44.5 46.13

IS5 11 11.93
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determination of cristobalite content of industrial samples.

The method shows the highly accurate measurement pro-

cedure of cristobalite phase in a wide range of cristobalite

contents, and its error values is below 2 %.
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