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This paper introduces a new method to determine the crystalline fraction in samples containing amor-
phous phases from experimental X-ray diffraction data. Computer generated codes, one for each mea-
sured data point, are used to interpret the pattern as to where diffraction peaks exist and what is the
angular breadth of each peak’s intensity above background. Two parameters are defined that are
used to identify the position and intensity of the crystalline phase diffraction peaks. For mold fluxes
used in continuous casting, the crystalline fraction of solid slag film is a key factor that can affect heat
transfer between solidified shell and mold. In this work, a new method was developed to determine the
crystallinity of solid slag films. This method does not require structure parameters or other references,
and results can be obtained directly by reading a text file with diffraction data. Results indicate that,
there is a positive correlation between crystalline fraction and integrated intensities corresponding to
crystalline phases. The selection of integration interval does not have much effect on results. To sim-
plify computations, 20–45°2θ was considered as an appropriate interval. © 2016 International Centre
for Diffraction Data. [doi:10.1017/S0885715615000986]
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I. INTRODUCTION

Mold slag is a kind of silicate material that is necessary for
metallurgical process. During continuous casting, mold flux
can not only provide adequate lubrication for solidified
shell, but also reduce the horizontal heat transfer to minimize
longitudinal cracking (Mills et al., 2005). Mold powder added
to the top of the mold will be heated by molten steel, and then
liquid slag will infiltrate into the gap between steel and solid-
ified shell. On the shell side, mold flux is a thin liquid film that
lubricates steel. In the colder region, mold flux solidifies and
the solid slag film has an effect on controlling horizontal
heat transfer. On the mold side, mold flux exists as a glassy
layer due to the high cooling rate. Therefore, solid slag film
contains two layers, including a crystalline layer and a glassy
layer. Solid slag film, interfacial resistance, and liquid slag
film constitute the total thermal resistance between the shell
and the mold wall (Cho and Shibata, 2001; Mills et al., 2005).

The interfacial heat resistance accounts for 50% of total
thermal resistance. Besides the thickness of the solid slag
film, crystalline fraction of the solid slag film is another param-
eter that affects interfacial heat resistance. With the increase of
crystalline fraction, the interfacial heat resistance increases (Cho
et al., 1998). Therefore, the crystalline fraction of the solid slag
film is a key factor to reflect the capability of controlling the
horizontal heat transfer. This factor is expected to be kept within
a reasonable range, so that the lubrication effect and heat trans-
fer capability of the mold flux can be appropriate for the casting
of different kinds of steel (Mills et al., 2002).

Because the crystalline fraction plays an important role on
the process control, it is necessary to obtain the quantitative

value of crystallinity using an appropriate method. Thermal
analysis could provide reliable values for the glass fraction
in slag films. However, uncertainties exist in measurements
of the glass fraction due to baseline shifts or mechanical col-
lapse of samples (Mills et al., 2005). According to studies re-
lated to quantitative analysis (Le Blond et al., 2009; Martin
et al., 2012; Fawcett et al., 2013), the X-ray diffraction
(XRD) method is appropriate to measure the crystallinity of
materials. A Rietveld full-pattern fitting method is widely
used in quantitative analysis of multicomponent mixtures
(Bish and Post, 1993). When the observed and calculated stan-
dard profiles were used, this method can analyze materials
containing imperfect or unknown phases (Taylor and Rui,
1992). Besides, the Rietveld method can be used for the quan-
titative determination of crystalline phases in bulk materials
(Katsumasa et al., 1998). Nevertheless, this method could
not be applied directly for materials containing amorphous
phases, because of difficulties in obtaining Bragg reflection
data of amorphous (Ming et al., 2010). To solve this problem,
combination of Rietveld and reference intensity ratio was de-
veloped, and the quantitative phase analysis can be performed
on glass–ceramic materials (Luisa et al., 2005). These studies
indicate that the standard profiles or other references are need-
ed to analyze the amount of each crystalline phase in the ma-
terials containing amorphous. Therefore, it is difficult to
obtain the crystallinity of the solid slag film directly by the
Rietveld method since these materials are always multiphase.

This work aims to obtain crystallinity of materials, and a
method of processing diffraction data was developed. This
method does not require structure parameters or other refer-
ences. Computer-generated codes, one for each measured
data point, are used to interpret the pattern as to where diffrac-
tion peaks exist and what is the angular breadth of each peak’s
intensity above background. Thus, results can be obtained
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directly by reading a text file with diffraction data. Values of
crystallinity in solid slag films were determined with devel-
oped method, and results were compared with values obtained
by thermal analysis. Also, factors that may influence calculat-
ed results were analyzed and discussed.

II. EXPERIMENTAL

A. Sample preparation

Fifteen slag samples were prepared, and the chemical com-
position of each slag sample is shown in Table I. M2, M3, M4,
and M5 are used in industrial plants, and the chemical composi-
tions of the four samples are analyzed by the X-ray fluorescence
(XRF). The other samples were prepared by mixing high purity
chemicals. Samples used in industrial plants always contain car-
bon, lithium oxide, and boron oxide. The amount of these com-
ponents may not be analyzed accurately. As a result, the total
amount of composition for the four samples is not equal to 100.

B. Solid slag film

Solid slag films were obtained by an HF-200 heat flux sim-
ulator in the laboratory (Wen et al., 2012). The schematic of this
apparatus and the picture of the solid slag film attached on a
copper detector are shown in Figures 1 and 2. Roughly 350 g
of prepared slag was put in a graphite crucible and it was heated
in a MoSi2 furnace. Temperature was increased to 1400 °C and
maintained for about 10 min, so that a homogeneous slag pool
could form. Then, cooling water was passed through an alumi-
na tube into the copper detector at a flow rate of 200 L h−1. The
temperature of water in and water out was measured by thermo-
couple placed in the alumina tube. When the copper detector
was completely immersed into a mold flux, heat was taken
away by moving water, and a solid slag film began to form
around the copper detector. After 45 s, the copper detector
was taken out of liquid slag and we can get the solid slag
film attached on the copper detector, as shown in Figure 2.

C. XRD measurement

XRD data were obtained using Rigaku D/Max 2500 PC
diffractometer with CuKα radiation. The diffractometer was
operated at 40 KV and 150 mA. Intensity data were collected

over a 2θ range of 10–90°, with a step interval of 0.02°2θ and
counting time of 0.3 s. Soller slits were used in the incident
and diffracted beams. M1 slag was chosen to illustrate
how to obtain crystallinity by integrated intensities.
Samples used in XRD measurements were crushed to grain
size of 200 mesh. The composition of M1 slag is shown in
Table I. The XRD pattern of M1 slag is shown in Figure 3
[The XRD data files and program used in this paper

TABLE I. Chemical compositions of slag samples (mass%).

No. CaO SiO2 Al2O3 CaF2 Na2O Li2O MgO Fe2O3 Total

M1 27.4 17.9 19.1 22.1 10.5 1.9 1.2 0.0 100.0
M2 26.2 28.5 4.0 14.4 9.5 1.4 3.5 3.0 90.5
M3 29.1 29.7 5.7 15.2 13.5 0.0 1.4 1.7 96.3
M4 25.8 30.9 4.8 16.4 15.8 0.0 0.9 1.7 96.2
M5 32.9 36.5 3.3 5.5 20.0 0.0 0.0 0.3 98.5
M6 33.5 16.0 27.1 20.3 0.0 2.1 1.0 0.0 100.0
M7 29.9 14.8 27.1 20.3 0.0 6.8 1.0 0.0 100.0
M8 27.6 14.1 27.1 20.3 8.3 1.6 1.0 0.0 100.0
M9 26.4 13.7 27.1 20.3 8.3 3.1 1.0 0.0 100.0
M10 25.8 13.5 27.1 20.3 8.3 4.0 1.0 0.0 100.0
M11 18.4 20.0 30.6 16.0 10.0 2.0 3.0 0.0 100.0
M12 34.4 10.0 24.6 16.0 10.0 2.0 3.0 0.0 100.0
M13 28.6 20.0 20.4 16.0 10.0 2.0 3.0 0.0 100.0
M14 22.8 30.0 16.2 16.0 10.0 2.0 3.0 0.0 100.0
M15 33.7 20.0 15.3 16.0 10.0 2.0 3.0 0.0 100.0

Figure 1. Schematic representation of HF-200 heat flux simulator.

Figure 2. Picture of solid slag film.
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can be downloaded from http://yun.baidu.com/share/link?
shareid=1103912038&uk=528889764].

III. DATA ANALYSIS

A. Angle range of diffraction peaks

1. Description of data
There are 4001 data points over the full range of 2θ, and

these data points are expressed as A1, A2,. . ., Ai, Ai+1,. . ., A4001,
respectively. For each point, the 2θ angle is expressed as 2θ
(Ai), and the diffraction intensity is expressed as I(Ai). When
I(Ai) > I(Ai+1) and I(Ai) > I(Ai−1), Ai is expressed as Pj.
Between Pj and Pj+1, the point with minimum intensity is ex-
pressed as Qk, as shown in Figure 4.

2. Assigning code for each point
A code will be set for each data point to distinguish data

points with different feature. According to criteria listed in
Table II, data points can be divided into ten types, and each
type has a code. Using the code for each data point, the com-
puter algorithm can then screen for specific profile character-
istics such as diffraction peaks due to crystalline phases. Five
successive points constitute four connected vectors, as shown
in Figure 5. The angle between any two vectors can be

expressed as Eq. (1).

coskaQi, a
Q

jl = aQi · aQj∣∣aQi

∣∣ · aQj

∣∣ ∣∣ i = j
( )

(1)

where aQi| | and aQj

∣∣ ∣∣ are the norm of vectors aQi and aQj , respec-
tively. When coskaQi, a

Q
j l is higher than 0.75, a straight line

can be fitted by plotting I(Ai) vs. 2θ(Ai). The codes of the
five points were assigned according to the slope of the regres-
sion line, as listed in Table II. When cos〈ai, aj〉 is lower than
0.75, the Δp was defined as the difference between I(Pj+1) and
I(Pj), and Δq was defined as the difference between I(Qk+1)

Figure 3. XRD pattern of M1 slag.

TABLE II. Codes corresponding to different criteria.

Vetorial angle Criteria Code

cos kaQi, a
Q
j l≥ 0.75 k > 0.5774 21

k <−0.5774 −21
−0.5774 < k < 0.5774 20

cos kaQi, a
Q
j l < 0.75 Δp > 3 Δq > 3 10

Δq <−3 12
−3≤ Δq ≤ 3 11

Δp <−3 Δq > 3 −12
Δq <−3 −10
−3≤ Δq ≤ 3 −11

−3≤ Δp ≤ 3 30

Figure 5. Definition of vectors.Figure 4. Definition of Δp and Δq.
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and I(Qk). The code of point Pj+1 was assigned according to
the value of Δp and Δq, as listed in Table II.

3. Retrieval of diffraction peaks
Four operations were defined before determining the 2θ

angle range of each diffraction peak.

(1) For data points between Ai and Aj, the number of points
whose corresponding code is C was expressed as NUM
(C, Ai, Aj);

(2) The maximum intensity of point Ai, Ai+1, Ai+2,. . . was ex-
pressed as max(Ai, Ai+1, Ai+2,. . .), while the minimum in-
tensity was expressed as min(Ai, Ai+1, Ai+2,. . .);

(3) The index of point Ai is expressed as &(Ai), and &(Ai) is
equal to the difference between 2θ(Ai)/0.02 and 499.

The start angle and end angle of a diffraction peak were ex-
pressed as 2θm and 2θn, respectively, and the method to deter-
mine the value of m and n was described with flow charts, as
shown in Figures 6 and 7. While the 2θ profile width may
not be correct, the codes can still proceed as follows. Three pa-
rameters are defined to characterize the shape of the retrieved
peaks. Namely, f1, f2, and f3 as defined in Figure 8 describe
the symmetry, smoothness and monotonicity of a diffraction
peak, respectively. For the three parameters, a weight coeffi-
cient was assigned for each parameter, so that the weighted
sum of f1, f2, and f3 could be used to evaluate the shape of dif-
fraction peak. The profile is more likely to be a single

diffraction peak when the value of parameter f closes to 1,
and the method to obtain the value of f is shown in Figure 8.
For retrieved peaks with low f(<0.68), adjusting the value of
m and nwill change the value of parameter f until the maximum
is reached, then, the 2θ angle range can be revised.

B. Background subtraction

Cubic spline function fitting was used to obtain back-
ground curve because good subsection smoothness could be re-
alized using this method. To get reliable background intensities,
the function of fit background in software Jade 5 was used as
references to select related threshold values and subsection of
cubic spline function (Sarsfield et al., 2005). In addition, to
make calculated results comparable, background intensities of
each XRD profile were obtained with the uniform method.
For M1 slag, the background intensities Ib(2θi) at different 2θ
are listed in Table III, and the background intensities at any
angle could be calculated by interpolation method.

C. Calculation of total diffraction intensity It
After background subtraction, the total diffraction intensi-

ties It can be obtained by integrating intensities from 10 to 90°.
This value is equal to the area of the region bounded by the
raw XRD profile and the background curve. The value of It
could be expressed as Eq. (2), where I(2θi) is the diffraction
intensity at 2θi, and Ib(2θi) is the background intensity at 2θi.

It =
∑4000
i=1

[(I(2ui+1) − Ib(2ui+1)) + (I(2ui) − Ib(2ui))]
2

· (2ui+1 − 2ui) (2)

D. Separating the contribution of the amorphous phase

When sample contains both glassy phase and crystalline
phase, the total diffraction intensity can be considered as the
sum of the intensities due to crystalline phases Ic and intensities
due to glass Ia (Yang et al., 2009; Gravier et al., 2010) [see Eq.
(3)]. Obviously, the diffraction intensities due to crystalline
phases are superimposed on top of the intensities corresponding
to residual amorphous matrix. Separating the contribution of the
amorphous phase requires two assumptions:

Ic(2ui) = I(2ui) − Ia(2ui) (3)

(1) For the amorphous matrix of solid slag film, its XRD pat-
tern is similar to pure glass;

(2) The valley of diffraction peak is part of the shape corre-
sponding to amorphous matrix.

For XRD pattern of M1 slag, a “bulge” appears in the range of
20–40°2θ, which can be considered as the contribution of glass
in the solid slag film. Outside this range, the intensities of glassy
phase are close to background intensities Ib. When the 2θ is be-
tween 20 and 40°, the values of Ia are listed in Table IV.

E. Evaluation of the diffraction peaks

The structure of crystals in samples is always not perfect.
For example, subcrystalline, lattice distortion, and dislocationFigure 6. Flow chart of calculating m.
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exist in crystals. Owing to these crystal imperfections, the dis-
tribution of diffraction intensity in reciprocal space will be un-
avoidably influenced, and the shape of diffraction peak will be
changed. As a result, the diffraction peak will become wider,
and the intensity will decrease. It is difficult to identify perfect
crystals in our samples. When these defects in crystals are not
very serious, these crystals can be considered as fully crystal-
line and its corresponding diffraction peak will be used in the
calculation. So, the effect of imperfect crystal on diffraction
intensities should be taken into consideration, meanwhile, ap-
propriate criterion is necessary to filter diffraction peaks corre-
sponding to fully crystalline. For peaks whose intensities are
higher than Ia (because of amorphous matrix), two parameters
were used to determine whether a diffraction peak is because
of complete crystals. The first parameter is the peak value yh
(amorphous intensity has been subtracted). This value is
equal to the maximum intensity when 2θ is in the range of
2θm and 2θn [see Eq. (4)]. The second parameter l [see Eq.
(5)] is the ratio of the peak area to the cube of full-width at
half-maximum (FWHM). This value is used to describe the

degree of diffraction peaks being broadened. The value of pa-
rameter l is much higher for sharp diffraction peaks than for
broaden peaks.

yh = max Ic(2um), Ic(2um+1), Ic(2um+2) · · · Ic(2un)[ ] (4)

l = A

w3
(5)

The schematic representation of the two parameters is
shown in Figure 9. For a single diffraction peak, the relation
between diffraction intensity and angle can be fitted with
Gaussian function [see Eq. (6)],

y = y0 + A

w1 ·
�����
p/2

√ · e−2(x−xc)2/w2
1 (6)

where y represents diffraction intensities; x represents the dif-
fraction angle; y0 is the baseline of the peak; A is the peak area;
w1 relates to the FWHM of peak [see Eq. (7)]; xc is the

Figure 7. Flow chart of calculating n.
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horizontal coordinate of the peak point.

w1 = w������
ln(4)√ (7)

In Eq. (7), w is the FWHM of peak. For the data point with
the highest intensity, its first derivative is equal to zero [see
Eq. (8)] and its second derivative [see Eq. (9)] can represent
the curvature of peak point.

y′ xc( ) = 0 (8)

y′′ x = xc( ) = −4 · A�����
p/2

√ · w3
1

(9)

When the critical values of yh and l were determined, dif-
fraction peaks corresponding to crystals can be retrieved and

percentage of crystalline phase in the solid slag film can be ex-
pressed as Eq. (10), where kcry is the crystalline fraction of
solid slag film; Ik is the integration of intensities contributed
by complete crystals; It is the total diffraction intensity;
Ic(2u j

i ) is the intensity of the jth peak at 2θi and the subscript
“c” means the peak is because of complete crystal.

kcry = Ik
It

=

∑s

j=1

∑n

i=m
(Ic(2uji) + (Ic(2uji+1))/2)

× (2uji+1 − 2uji)∑4000

i=1
[(I(2ui+1) − Ib(2ui+1)) + (I(2ui) − Ib(2ui))]/2

· (2ui+1 − 2ui)
(10)

Figure 8. Flow chart of calculating f.
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Reference values of crystallinity are needed to determine
the critical value of yh and l. Therefore, thermal analysis was
used to calculate the crystallinity of solid slag films, and re-
sults can help us choose appropriate critical value for the
two parameters. When thermal analysis was used (Mills
et al., 2002; Yang et al., 2009), the crystalline fraction
could be expressed as Eq. (11),

kcry2 = 1− DHf

DHa
(11)

where kcry2 is the crystalline fraction obtained by the DSC
method, ΔHf is the enthalpy of solid slag film, ΔHa is the en-
thalpy of pure glass. In experiment, we have tried our best to
keep the cooling rate of liquid slag as high as possible, and
crystal has less opportunity to precipitate from liquid slag.

For M1 slag, the XRD pattern of quenched slag is shown
in Figure 10. From Figure 10, we can see there are very
few crystals in quenched slag. So, the quenched slag was
used to substitute the glassy phase in the solid slag film,
and ΔHa was substituted by the enthalpy of corresponding
quenched slag. NETSCH STA 449 Jupiter f3 with flowing
purified Ar was used for thermal analysis. Temperature was
increased to 1300 °C with a heating rate of 20 °C min−1.
The enthalpy of samples was calculated by software
NETZSCH Proteus® Thermal Analysis. Results of DSC
measurements are listed in Table V. Experimental results
show that the crystallinity obtained by the XRD method is
very close to reference value when the critical value of yh
and l are selected as 100 and 1000, respectively, as shown
in Figure 11. This result indicates that the two parameters
can be used to character the shape of diffraction peaks.

TABLE IV. Value of Ia when the 2θ is in the range of 20–40°.

2θ (°) 20.50 21.00 21.50 22.00 22.50 23.00 23.50 24.00
Ia (a.u.) 85.19 87.66 88.26 92.21 96.94 101.92 105.84 107.62
2θ (°) 24.50 25.00 25.50 26.00 26.50 27.00 27.50 28.00
Ia (a.u.) 115.77 128.63 122.89 123.17 141.02 147.87 166.69 207.22
2θ (°) 28.50 29.00 29.50 30.00 30.5 31.00 31.50 32.00
Ia (a.u.) 217.45 205.21 223.16 247.49 253.82 253.53 251.40 252.32
2θ (°) 32.50 33.00 33.50 34.00 34.50 35.00 35.50 36.00
Ia (a.u.) 250.98 232.25 207.01 193.95 162.42 145.37 145.23 136.83
2θ (°) 36.50 37.00 37.50 38.00 38.50 39.00 39.50 40.00
Ia (a.u.) 137.10 139.24 138.79 136.98 164.66 164.64 138.14 139.02

Figure 9. Schematic representation of the two parameters yh.
Figure 10. XRD pattern of quenched slag M1.

TABLE III. Background intensities Ib(2θi) at different 2θ.

2θ (°) 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00
Ib (a.u.) 120.29 112.86 99.72 94.74 76.41 81.29 89.87 108.48
2θ (°) 26.00 28.00 30.00 32.00 34.00 36.00 38.00 40.00
Ib (a.u.) 105.08 117.57 126.21 132.03 133.08 132.53 135.07 139.17
2θ (°) 42.00 44.00 46.00 48.00 50.00 52.00 54.00 56.00
Ib (a.u.) 140.87 139.73 137.97 128.57 131.67 126.01 119.15 112.29
2θ (°) 58.00 60.00 62.00 64.00 66.00 68.00 70.00 72.00
Ib (a.u.) 105.43 104.23 89.76 85.50 81.29 76.37 70.01 65.49
2θ (°) 74.00 76.00 78.00 80.00 82.00 84.00 86.00 88.00
Ib (a.u.) 60.59 68.66 50.37 52.96 59.35 53.37 59.42 52.84
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When the value of yh is higher than 100 and the value of l is
higher than 1000, a diffraction peak due to complete crystal
will be identified. The position of peaks corresponding to
crystals is marked in Figure 3. For each peak, the values of
several parameters including 2θm, 2θn, yh, l, and A are listed
in Table VI.

IV. RESULTS AND DISCUSSION

A. Statistics for results of repeated measurements

Considering that random noise in experimental data can
have a major impact on peak finding and intensity determina-
tion, the impact of counting statistics needs to be discussed.
Slag M9 with high crystallinity and slag M11 with low crys-
tallinity were remeasured, and their XRD patterns are shown
in Figures 12 and 13, respectively. In Figure 12, the upper
XRD pattern (M9-2) is result of second measurement for
slag M9. In Figure 13, the upper XRD pattern (M11-2) is
the result of second measurement of slag M11. The differenc-
es of peak position, peak intensity, and FWHM between two
measurements were calculated to discuss how the results vary
from each other. For slag M9, the differences of peak position,
peak intensity, and FWHM are shown in Figure 14. From sta-
tistics of errors in diffraction angle, intensity, and FWHM, the
frequency of each parameter in different intervals is listed in
Table VII.

For slag M9, 40 diffraction peaks were observed using
software Jade 5, and these peaks were also found in the
XRD pattern of slag M9-2. From Figures 12 and 13, differenc-
es of peak position, peak intensity, and FWHM exist in the
two XRD patterns. From Table VII, for most of the peaks,
the difference of 2θ between M9 and M9-2 is no more than
0.05. When the value of Δ2θ is higher than 0.15, the differ-
ence of 2θ between M9 and M9-2 was considered as large

TABLE V. Crystalline fraction of each solid slag film obtained by DSC method.

No. ΔHf(J g
−1) ΔHa(J g

−1) kcry2(1−ΔHf/ΔHa)

M1 79.62 122.64 0.351
M2 7.00 70.38 0.901
M3 104.86 182.23 0.420
M4 183.12 198.04 0.075
M5 158.03 185.56 0.148
M6 46.46 102.01 0.545
M7 13.69 67.25 0.796
M8 49.93 83.76 0.404
M9 9.45 37.69 0.749
M10 9.31 48.95 0.810
M11 100.80 119.00 0.153
M12 7.50 63.35 0.882
M13 116.40 138.50 0.159
M14 92.48 105.30 0.120
M15 16.23 74.43 0.782

Figure 11. Comparison of calculated results with reference values.

TABLE VI. Values of parameters for M1 slag.

j 2θm (°) 2θn (°) yh (a.u.) l A

1 23.52 24.40 267.27 5736.88 61.09
2 28.12 28.56 246.20 14 911.08 40.92
3 28.66 29.56 389.60 4149.29 135.96
4 30.90 32.12 861.60 12 862.43 282.36
5 36.56 37.06 208.35 2431.75 53.38
6 37.14 38.02 261.77 4184.96 73.55
7 38.98 39.88 164.31 1309.37 61.09
8 43.68 44.72 191.52 2616.94 57.45
9 46.66 47.46 224.11 3309.03 72.64
10 49.84 50.50 156.84 6112.79 48.90
11 51.66 52.44 419.13 8469.65 117.08
12 52.84 53.24 103.56 20 952.37 20.95
13 60.70 61.30 141.01 2900.41 30.88
14 67.72 68.26 136.53 8152.23 33.39
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deviations. However, only 10% of peaks are in this range. The
statistics of FWHM indicates that for 72.5% of peaks, the dif-
ference between M9 and M9-2 ranges from −0.1 to 0.1. From
these results, it could be concluded that both the position and
shape of diffraction peaks did not change much in the two
measurements. In addition, there are 65% of peaks whose val-
ues of |ΔI| are lower than 50, and no diffraction peak with
large deviation (|ΔI| > 150) is observed in the two XRD pat-
terns. The crystallinity is 0.728 for M9 and 0.700 for M9-2.
These results indicate that the XRD patterns obtained from
two measurements are close to each other. As a result, the
value of crystallinity obtained from the XRD pattern of

M9-2 is also close to the value obtained from the XRD pattern
of M9.

For slag M11, the differences of peak position, peak in-
tensity, and FWHM are shown in Figure 15. The frequency
of each parameter in different intervals is listed in
Table VIII.

Compared with slag M9, slag M11 has low crystallinity,
and the number of diffraction peaks is lower than the number
of peaks in the XRD pattern of M9. From Table VIII, for most
of the peaks, the difference of 2θ between M11 and M11-2
ranges from −0.05 to 0.05, and there are only six peaks
whose values of |Δ2θ| are outside this range. For 70% of
peaks, the difference of FWHM between M11 and M11-2
ranges from −0.1 to 0.1, which is similar to the statistics of
slag M9. These results indicate that the position and shape
of peaks have small changes in repeated measurements. It
was noted that when the diffraction angle is between 20 and
40°, the intensities of amorphous phase in slag M11-2 are

Figure 13. Results of repeated measurements for slag M11.

Figure 12. Results of repeated measurements for slag M9.

Figure 14. Differences of peak position, peak intensity, and FWHM for slag
M9.

TABLE VII. Frequency of each parameter in different intervals for slag M9.

|2θ| (°) |Δ2θ|≤ 0.05 0.05 < |Δ2θ|≤ 0.1 0.1 < |Δ2θ|≤ 0.15 |Δ2θ| > 0.15
0.65 0.175 0.075 0.1

|FWHM| (°) |ΔFWHM|≤ 0.05 0.05 < |ΔFWHM|≤ 0.1 0.1 < |ΔFWHM|≤ 0.15 |ΔFWHM| > 0.15
0.525 0.2 0.125 0.15

|ΔI| (a.u.) |ΔI|≤ 50 50 < |ΔI|≤ 100 100 < |ΔI|≤ 150 |ΔI| > 150
0.65 0.2 0.15 0
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lower than the intensities of amorphous phase in slag M11.
Meanwhile, diffraction peaks with large deviations (|ΔI| >
150) are observed in the XRD pattern of slag M11, and the fre-
quency is 0.1. In spite of these differences, the crystallinity
calculated from the experimental data is close to each other.
The values of slag M11 and M11-2 are 0.210 and 0.229,
respectively.

From the above discussion, whether for sample with high
crystallinity or for sample with low crystallinity, random noise
in measurement can influence the position and intensity of dif-
fraction peaks, but this kind of noise has minor effect on cal-
culated results of crystallinity.

B. Results of crystallinity

Background subtraction, separation of amorphous phase,
and retrieval of diffraction peaks have been done for each
slag sample, and the values of Ik, It, and kcry are listed in
Table IX. Figure 3 shows a typical XRD pattern of solid
slag film. From Figure 3, when 2θ is in the range of 20–40°,
a “bulge” was observed on XRD patterns. This trend is partic-
ularly obvious on slag films with low crystalline fraction, such
as M1, M4, M5, M8, M11, M13, and M14. For slags whose
crystalline fraction is higher, diffraction peaks are mainly dis-
tributed between 20 and 70°. The number of diffraction peaks
is related to the types of crystals, and the diffraction intensity
of each peak is related to the volume of unit cell. Obviously,
the integration of intensities Ik is higher for solid slag films
with high crystalline fraction than for slag films with low crys-
talline fraction. Thus, the crystalline fraction of solid slag film
relates to the integration of intensities Ik. Using nonlinear

Figure 15. Differences of peak position, peak intensity, and FWHM for slag
M11.

TABLE VIII. Frequency of each parameter in different intervals for slag M11

|2θ| (°) |Δ2θ|≤ 0.05 0.05 < |Δ2θ|≤ 0.1 0.1 < |Δ2θ|≤ 0.15 |Δ2θ| > 0.15
0.70 0.15 0.10 0.05

|FWHM| (°) |ΔFWHM|≤ 0.05 0.05 < |ΔFWHM|≤ 0.1 0.1 < |ΔFWHM|≤ 0.15 |ΔFWHM| > 0.15
0.30 0.40 0.20 0.10

|ΔI| (a.u.) |ΔI|≤ 50 50 < |ΔI|≤ 100 100 < |ΔI|≤ 150 |ΔI| > 150
0.40 0.35 0.15 0.10

TABLE IX. Values of Ik, It, and kcry for the experimental slags.

No. Ik (a.u.) It (a.u.) kcry (Ik/It)

M1 1089.650 2884.154 0.378
M2 6463.730 7565.917 0.854
M3 1311.587 3308.892 0.396
M4 386.791 3178.406 0.122
M5 573.574 3247.284 0.177
M6 1220.928 2255.824 0.541
M7 4553.012 6286.506 0.724
M8 1388.295 3629.437 0.383
M9 3577.549 4915.096 0.728
M9-2 3869.860 5524.02 0.700
M10 5571.030 7085.389 0.786
M11 632.107 3009.462 0.210
M11-2 507.770 2213.650 0.229
M12 4813.393 5801.767 0.830
M13 142.384 2058.007 0.069
M14 131.903 2365.405 0.056
M15 3390.294 4667.106 0.726
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fitting, the relation between crystalline fraction and Ik can be
fitted to an exponential function [see Eq. (12)].

kcry = 0.855− 0.872 · exp Ik
−1853.27

( )
(2058 , Ik

, 7566) (12)

Equation (12) indicates that approximate value of kcry can
be obtained by calculating integrated intensities Ik and this
value is close to the result calculated from Eq. (10) (see
Figure 16).

The range of 2θ in Eq. (10) is from 10 to 90°. When the
integration interval is changed, another result can be obtained.
The effect of integration interval on the value of kcry can be in-
vestigated using different angle range as integration interval to
calculate kcry. Roughly 20 to 45°, 35 to 60°, and 45 to 70° were
chosen as three integration intervals, and the value of kcry with
respect to each integration interval was calculated using the

same method. The values of kcry calculated with different inte-
gration intervals are shown in Figures 17–19. Results calculated
with three different integration intervals are close to each other,
which indicate that the selection of integration interval does not
have much effect on results. Furthermore, when the integration
interval was selected as 20–45°, calculated results have the
highest correlation with results obtained by Eq. (10).
Therefore, in order to simplify computations, 20–45° was con-
sidered as an appropriate range of 2θ.

From calculated results, the correlation coefficient is high-
er than 0.9 whatever the integration interval, which indicates
that the presented method could be well applied in data pro-
cessing of the 15 slags. Even so, the number of samples is
not large enough to give a comprehensive evaluation for this
method. However, the value of crystallinity for experimental
slag is between 0.06 and 0.85, and this range is wide enough
to cover the crystallinity of conventional slag films. In addi-
tion, crystals formed in common slag films exist in the exper-
imental samples, such as cuspidine (3CaO.2SiO2.CaF2),
gehlenite (2CaO.SiO2.Al2O3), dicalcium silicate (2CaO.
SiO2), and calcium fluoride (CaF2). Therefore, parameters

Figure 16. Value of kcry changing with Ik.

Figure 17. Calculated results when 2θ is between 20 and 45°.

Figure 18. Calculated results when 2θ is between 35 and 60°.

Figure 19. Calculated results when 2θ is between 45 and 70°.
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and corresponding values proposed in this work could provide
references for most of the slag films, although the crystal type
and crystallinity are different for samples with different chem-
ical compositions. Moreover, the value of Ik will not be over-
estimated since two parameters were used to identify
diffraction peaks retrieved. Further work will focus on the se-
lection of appropriate parameters and determination of critical
values to make this method applicable for more samples and
other crystalline materials.

V. CONCLUSION

The crystalline fraction of the solid slag film could be deter-
mined using the developed method. A computer program was
written in C language, and the diffraction profile was analyzed.
The value of crystalline fraction can be obtained directly by read-
ing a text file with raw data. Two parameters, yh and l, could
be used to analyze the shape of diffraction peaks, and results
calculated based on this analysis are close to reference values.

The crystalline fraction of the solid slag film increases
with the increase of integrated intensities corresponding to
crystalline phases. The relation between integrated intensities
Ik and crystallinity of the solid slag film can be expressed using
nonlinear fitting; so approximate value of crystalline fraction
can be obtained by calculating integrated intensities.
Besides, the selection of integration interval does not have
much effect on results. To simplify computations, 20–45°
was considered as an appropriate integration interval.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
http://dx.doi.org/10.1017/S0885715615000986
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