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Abstract
Powder X-ray diffraction is widely used as an analytical method to evaluate various crystalline materials. This paper 

describes the basics and evaluation examples of the RIR (Reference Intensity Ratio) method and the Rietveld method.
In the RIR method, quantitative analysis is performed based on the integrated intensity of diffraction peaks and the 

RIR values registered in databases. In this method, rapid quantitative analysis is performed once qualitative analysis 
has been completed. However, if the peak intensity ratio differs from that in the database due to preferred orientation or 
other reasons, the obtained quantitative values will be inaccurate.

The Rietveld method is a method for refining crystal structure parameters by fitting a calculated pattern obtained 
from lattice parameters, crystal system, atomic coordinates, etc., to a measured diffraction pattern using the least-
squares method. The obtained scale factor and information about the crystal structure can be used for quantitative 
analysis. The Rietveld method enables accurate quantitative analysis even if samples have preferred orientation and/or 
complex diffraction patterns.

The combination of the Rietveld method with the internal standard method, known as the PONKCS (partial or no 
known crystal structure) method, and the RIR method also enable quantitative analysis of amorphous phases.

1.　Introduction
In Part 4 of the Basic Course on Powder X-ray 

Diffraction Methods, “Qualitative Analysis” was 
described(1). In Part 5, “Quantitative Analysis” will be 
explained.

Powder X-ray diffraction is widely used as an 
analytical method for various crystalline materials. Since 
the properties and functions of materials often depend 
on included crystalline phases and their quantity ratios, 
quantitative analysis by powder X-ray diffraction is widely 
used from research and development to quality control.

The classical quantitative analysis method in powder 
X-ray diffraction is the calibration curve method. This 
method uses the correlation between the crystalline 
phase content and the X-ray diffraction intensity. In 
general, the integrated intensity of the highest peak of 
the phase of interest that does not overlap with peaks 
of other coexisting phases is used for quantification, 
thus minimizing error factors and enabling accurate 
quantification.

However, the use of the calibration curve method has 
decreased in recent years for the following reasons: (1) 
pure material of the phase of interest is required for the 
preparation of the calibration curve, (2) preparation of 
samples for the calibration curve is time-consuming, 
and (3) the quantification error increases when the 
peaks of the phase of interest overlap those of other 
co-existing phases. In this paper, the RIR method(2) 
(or RIR quantitation) and the Rietveld method(3) are 
described. These methods are standardless quantitative 
analysis methods that do not require reference materials. 

With them, accurate quantitative analysis is also possible 
even when the diffraction peaks of the phase of interest 
and other phases overlap. Another quantitative analysis 
method based on pattern fitting is the DD (Direct 
Derivation) method. This quantitative analysis method is 
described in detail in references (4), (5), so please refer 
to them if necessary. In quantitative analysis, it is very 
important to improve the quality of the acquired data. 
refer to Refs. (6), (7).

2.　Quantitative Analysis using the RIR Method
The RIR method, a standardless quantitative analysis 

method, is based on the integrated intensity of the 
highest diffraction peak and the RIR value of each phase 
registered in a database, etc. The RIR value is defined 
as the intensity ratio of the highest peak of corundum 
vs. that of the crystalline phase when corundum is 
mixed with the same amount as the crystalline phase 
in question. Normally, the integrated intensities of 
diffraction peaks are used in quantitative analysis, but 
the diffraction peak intensities are different for different 
crystals due to different atomic scattering factors. By 
using the RIR value, the ratio of diffraction peak 
intensities between crystalline phases can be converted 
to a mass fraction, allowing quantitative analysis. The 
equation of the RIR method is shown as follows.
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Wi is the mass fraction of an analytical phase i, Ii
max 

is the highest peak intensity, and Ri is the RIR value. 
For Ii

max, the integrated intensity of the diffraction 
peak with the highest intensity is usually selected, but * Global Product Marketing Dept., Product Division, Rigaku Corporation.
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if the highest peak overlaps with the peaks of other 
phases, the second or third highest peak can be selected. 
Currently, RIR values are obtained experimentally and 
computationally for a wide variety of materials and are 
compiled in databases; for example, from ICDD.

Figure 1 shows the peak selection dialog box in 
SmartLab Studio II for RIR quantification.

The advantage of RIR quantification is that rapid 
quantitative analysis can be performed as soon as the 
qualitative analysis is completed. If the RIR value is 
listed on the card selected for qualitative analysis, it can 

be quantified at the touch of a button. Figure 2 and Table 
1 show the results of RIR quantification using a sample 
(simulated sample A) that is a mixture of equal amounts 
of rutile (TiO2), anatase (TiO2), and periclase (MgO).

This simulated sample has no peak overlap and no 
preferred orientation, thus accurate quantitative analysis 
is possible. However, it is difficult to perform correct 
RIR quantification when the peak intensity ratios differ 
from those in the database due to preferred orientation, 
or when peaks cannot be decomposed due to peak 
overlap. For such samples, quantitative analysis by the 
Rietveld method described in the next section is suitable.

3.　 Quantitative Analysis using the Rietveld 
Method

The Rietveld method is a method for refining crystal 
structure parameters by fitting a calculated pattern 
obtained from lattice parameters, crystal system, atomic 
coordinates, etc., to a measured diffraction pattern using 
the least-squares method. The calculation is performed 
to minimize the weighted residual sum of squares S(x).
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where yi is the measurement intensity, σ(yi) is the 
intensity error estimated by counting statistics, and fi is 
the intensity calculated by the following equation.

fi(x) =  sSR(θi)A(θi)D(θi)Σkmk|F(hk)|2  

PkLP(θk)G(Δ2θik)+yb (2θi) (3)

where s is the scale factor, SR(θi) is the surface 
roughness correction factor, A(θi) is the absorption 
factor, D(θi) is the irradiation width correction factor, 
mk is the multiplicity of the Bragg reflection, F is the 
crystal structure factor, hk is the diffraction index hkl, Pk 
is the selected orientation function, LP(θk) is the Lorentz 
polarization factor, G(Δ2θik) is the profile function, and 
yb(2θi) is the background intensity. If a sample contains 
multiple crystalline phases, refinement is performed for 
each phase to optimize the scale factor, peak positions 
and shapes to make the calculated pattern as close to 
the measured pattern as possible. Since the refined scale 
factor is proportional to the content of each phase, the 
following equation can be used for quantitative analysis 
by using the scale factor and information about the 
crystal structure. 

i i i i
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where Wi is the mass fraction of analyte phase i, s is the 
scale factor, Z is the number of chemical formulas in the 
unit cell, M is the molecular mass of the formula, and 
V is the volume of the unit cell. In SmartLab Studio II, 
the crystal structure parameters are converted to RIR 
values using equation (5) and then used for quantitative 
analysis.
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Table 1 Quantitative values (mass %) for each phase using 
the RIR method and amount of added (mass %) of 
each phase of simulated sample A.

Phase Quantitative values Amount added

Rutile
Anatase
Periclase

33.1
34.5
32.4

33.3
33.3
33.3

Fig. 2 Diffraction peaks used for quantitative analysis of 
simulated sample A by the RIR method.

Fig. 1. Peak selection dialog box in SmartLab Studio II for 
RIR quantification.
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where Ri is the RIR value of analytical phase i, Ii
max 

is the maximum peak intensity of analytical phase i, 
and the subscript c refers to the value for corundum 
(α-Al2O3). Therefore, SmartLab Studio II can perform 
quantitative analysis based on the d–I list and RIR value 
of an entry in a powder diffraction database card even if 
the crystal structure is not available.

In contrast to the RIR method, quantitative analysis 
by the Rietveld method can be applied to samples with 
many overlapping diffraction peaks of multiple phases. 
Preferred orientation can also be corrected using the 
March–Dollase function(8) and the spherical harmonic 
function(9). To compare the quantitative result obtained 
using the RIR method with that using the Rietveld 
method for samples with preferred orientation, a sample 
(simulated sample B) containing equal amounts of 
rutile, anatase, and calcite (CaCO3) is analyzed. Figure 3 
shows the diffraction peaks used in the calculation of the 
RIR method for the quantification of simulated sample 
B, Figure 4 shows the profile fitting results using the 
Rietveld method, and Table 2 shows a comparison of the 

analysis results between the RIR and Rietveld methods.
The peak intensity derived from the 104 reflection 

of calcite is higher due to preferred orientation, so 
the RIR method, which uses a single peak, causes a 
large quantitation error for crystalline phases with 
preferred orientation. The standardless quantitative 
method calculates the sum of each crystalline phase to 
be 100%, so the quantification error extends to other 
phases as well. In contrast, the Rietveld method allows 
a correction for preferred orientation so that more 
correct quantitative values can be obtained. However, 
the preferred orientation correction should be used only 
for crystalline phases with known preferred orientation 
planes. If there is a large difference between the 
calculated and measured patterns in the absence of 
a phase with preferred orientation, there may be an 
unidentified crystalline phase or the initial structural 
model may be incorrect. Note that using a preferred 
orientation correction only to reduce the residuals may 
result in inaccurate evaluation.

The Rietveld method is widely used in industry—for 
quality control in cement plants, for example. Clinker, 
the raw material of cement, contains alite, belite, 
aluminate, and ferrite as the main phases. These phases 
show complex diffraction patterns and many peaks 
overlap. Therefore, quantitative analysis by calibration 
curves or RIR methods are difficult. Figure 5 shows the 
quantitative analysis results of the NIST clinker sample. 
Table 3 shows the Rietveld analysis results and certified 
values.

Even for samples with complex diffraction patterns, 
such as cement samples, correct quantitative analysis 
can be performed.

Rwp, Rp, Re, and S are often used as indicators to 
evaluate the correctness of a Rietveld analysis, and are 

Fig. 3. Diffraction peaks used for quantitative analysis of 
simulated sample B using the RIR method.

Table 2. Comparison of analysis results (mass%) between 
the RIR and Rietveld methods using simulated 
sample B.

Phase
Analysis values 
（RIR method）

Analysis values 
（Rietveld method）

Amount 
added

Rutile
Anatase
Calcite

30.4
29.7
39.9

33.8
32.5
33.7

33.3
33.3
33.3

Fig. 4. Profile fitting results of simulated sample B using the 
Rietveld method.

Fig. 5. Profile fitting results of NIST2687 using the Rietveld 
method.

Table 3. Rietveld analysis results and certified values 
(mass%) of NIST 2687.

Phase Analysis values Certified values

Alite
Belite
Aluminate
Ferrite
Arcanite

71.4
12.3
12.2
3.3
0.8

71.27±1.27
12.57±1.22
11.82 ±1.03
2.81±0.68
0.92±0.15
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given by the following equations.
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where wi are the statistical weights, N is the number of 
total data points, and P is the number of parameters to 
be refined.

Rwp is the most common R factor used in Rietveld 
analysis and indicates the weighted agreement including 
background intensity. However, the values of Rwp 
and Rp vary depending on the background intensity 
and diffraction intensity. Therefore, S is used as a 
parameter to compare Rwp with Re, which represents the 
statistically expected ideal Rwp. S is often used as a 
substantial indicator of good fit, and a value of S close to 
1 indicates that the refinement was performed properly. 
Table 3 shows the targeted values of Rwp for each sample 
type. It should be used as a reference for analysis.

An analysis result is considered be satisfactory if S is 
smaller than 1.3(10). However, in quantitative analysis 
using the Rietveld method for samples containing 
multiple crystalline phases, the analysis result is often 
higher than 1.3. In the author’s experience, even with 
an S value of about 2.0, appropriate results are often 
obtained if the residual profile confirms that there are 
no problems. These indices are indicators of the degree 
of fit, but even when the values are sufficiently low, 
the analyzed parameters may converge to physically 
inappropriate values. For correct quantitative analysis, it 
is important not only to check the R factor and S value, 
but also to check the degree of agreement between the 
calculated and measured patterns for each phase, and 
confirm that the quantitative results are consistent with 
the elemental analysis results.

4.　 Quantitative Analysis of Amorphous Phases 
using the Rietveld Method

The quantitative analysis described in the previous 
section mainly focused on crystalline phases, but 

quantitative analysis of non-crystalline materials 
(amorphous phases), is also possible. If an amorphous 
phase is derived from the same substance as the 
crystalline phase, it is possible to calculate the degree 
of crystallinity using the integrated intensity ratio of the 
diffraction peaks of the crystalline phase and the broad 
pattern (called a halo) of the amorphous phase after 
peak decomposition. However, if the amorphous phase 
is derived from a material different from the crystalline 
phase, quantitative analysis of the amorphous phase is 
difficult based on peak intensity only. For such samples, 
it can be performed by combining the Rietveld method 
with other methods. The internal standard method(11), 
the PONKCS (Partial Or No Known Crystal Structure) 
method(12), and the RIR method are all incorporated 
in SmartLab Studio II. These methods are hereafter 
referred to as the “internal standard/Rietveld method,” 
“PONKCS/Rietveld method,” and “RIR/Rietveld method,” 
respectively. In the internal standard/Rietveld method, 
the amorphous phase content is calculated indirectly 
from the difference between the amount of internal 
standard mixed in the sample and the Rietveld analysis 
results. In contrast, the PONKCS/Rietveld and RIR/
Rietveld methods can directly quantify the content of the 
amorphous phase by setting a virtual crystal structure 
and RIR value, respectively, to the halo derived from the 
amorphous phase. This section describes the principle of 
these methods with analysis examples.

4.1　 Amorphous phase content determination 
using the internal standard/Rietveld method

In the internal standard/Rietveld method, a known 
amount of a crystalline material is added and mixed with 
the sample as an internal standard, and the measurement 
data of the mixture containing the internal standard 
is analyzed by the Rietveld method. The quantitative 
value of the internal standard is obtained without taking 
into account the amount of the amorphous phase. If the 
sample contains an amorphous phase, the calculated 
amount of the amorphous phase becomes higher than 
the amount actually added. This is considered to be 
the effect of the amorphous phase, and the content of 
the amorphous phase is calculated indirectly using the 
following equation.

STD
STD

100
C
i

i '

X
C C× ×＝    (10)

CA=100−CSTD−ΣC'i (11)

From equations (10) and (11), the amorphous mass 
fraction CA is calculated as the mass fraction (mass%) 
of the remainder containing the amorphous phase, where 
CSTD is the mass fraction of the added internal standard 
(mass%), C'STD is the quantitative value of the internal 
standard obtained by the Rietveld method (mass%), 
and Ci is the quantitative value of the crystalline phase 
obtained by the internal standard method (mass%).

The internal standard material should satisfy the 
following conditions—be stable at room temperature 

Table 4. Targeted value of Rwp after analysis is completed.

Sample type Target Rwp（%）

Normal sample
High background sample
Low crystallinity sample
High crystallinity sample

Around 10.0–15.0
Around  5.0–10.0
Around  7.0–13.0
Around 15.0–20.0
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and pressure, not contained in the crystalline phases 
constituting the sample to be tested, have absorption 
coefficients of the sample of interest and the internal 
standard that are close, and should not alter the other 
phases due to mixing. For example, corundum is often 
used as an internal standard material added to cement 
materials(13). The concentration of the internal standard 
varies, but generally 10 to 20 mass% is added(14). 
Simulated sample C containing 60.0 mass% amorphous 
silica, and an equal amount of rutile and silica was used 
for amorphous determination by the internal standard/
Rietveld method (Fig. 6, Table 5). Corundum was 
added to simulated sample C as the internal standard at 
10.0 mass%.

This method has been used classically, but as 
mentioned above, sample preparation is complicated 
because an internal standard must be mixed with 
the sample. Therefore, in recent years, the PONKCS/
Rietveld and RIR/Rietveld methods, standardless 
methods that are described in the next chapter, are more 
popular for the quantification of amorphous phases.

4.2　 Amorphous quantification using the 
PONKCS/Rietveld method

The PONKCS/Rietveld method allows quantitative 
analysis of amorphous phases by assigning a virtual 
crystal structure to the halo during quantitative analysis 
by the Rietveld method. The crystal structure parameters 
to be set are Z (the number of chemical formulas in the 
unit cell), M (the molecular mass of the formula), and V 
(the volume of the unit cell).

In this analysis method, first, a pure material with 
100% amorphous phase is measured to obtain a 
measured pattern. Next, lattice constants are assigned 
to the measured patterns, and V is calculated by profile 
fitting using the Pawley(15) method or other methods. 

Finally, profile fitting is performed on the measured data 
of a mixed sample with a known amount of amorphous 
phase using the structural model of the amorphous phase 
for which V is set, and the value of ZM is determined. 
Once the crystal structure model of the amorphous phase 
is determined, this model can be applied to samples 
with the same amorphous phase, thus enabling rapid 
evaluation of the sample with the amorphous phase. In 
addition to simulated sample C, amorphous silica was 
mixed with a sample that is equal amounts of rutile 
and anatase at 40.0 mass% (simulated sample D) and 
50.0 mass% (simulated sample E) to determine the 
amorphous content using the PONKCS/Rietveld method 
(Figure 7, Table 6).

In Rietveld analysis, the quantitative values obtained 
depend on the analysis conditions, and the quantitative 
results often differ depending on the analysis method, 
even for the same measurement data. By using the 
analysis template (preset conditions), Rietveld analysis 
can start from the same initial values and conditions. The 
amount of amorphous silica added to each sample and the 
quantitative values obtained by Rietveld analysis were in 
very good agreement, as shown in Tables 5 and 6.

4.3　 Amorphous quantification using the RIR/
Rietveld method

In the RIR/Rietveld method, the RIR value is 
assigned to the amorphous phase and the following 
equation can be used for amorphous quantification.

/
/

A A
A

j j

S R
W

S R
＝   (12)

where WA is the mass fraction of the amorphous phase, 
SA is the scale factor obtained using Rietveld analysis, 
and RA is the RIR value of the amorphous phase. In 
this method, as in the PONKCS/Rietveld method, the 

Fig. 6. Fitting results of simulated sample C by the Rietveld 
method.

Table 5. Results of amorphous quantification (mass%) by the 
internal standard/Rietveld method using simulated 
sample C.

Phase Analysis values Amount added

Rutile
Anatase
Amorphous silica

20.2
19.4
60.4

20.0
20.0
60.0

Fig. 7. Fitting results of simulated sample C by PONKCS/
Rietveld method.

Table 6. Results of amorphous quantification (mass%) by the 
PONKCS/Rietveld method using simulated samples 
C, D, and E.

Contents of amorphous silica Analysis values

40.0
50.0
60.0

40.3
50.3
59.6
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RIR values of the amorphous phase are experimentally 
determined using a mixed sample with a known amount 
of amorphous phase. Once the RIR value of the 
amorphous phase is determined, accurate and rapid 
evaluation of the sample of interest. For examples of 
actual evaluations of this method, please refer to Refs. 
(16), (17).

5.　Conclusion
In the fifth part of the Basic Course on Powder 

Analysis, methods for quantitative analysis were 
explained and evaluation examples described. In 
quantitative analysis by the Rietveld method, preferred 
orientation can be corrected, and quantitative analysis 
is possible even when peaks are so closely overlapped 
that peak decomposition is very difficult or even 
impossible. It is also possible to quickly quantify the 
content of the amorphous phase. To perform accurate 
quantitative analysis, it is necessary to obtain high-
quality measurement data. If the qualitative analysis is 
not performed correctly, the results of the subsequent 
quantitative analysis will also be incorrect. Please refer 
to Part 2 “Selection of Instrument Configuration,” Part 3 
“Sample Preparation and Scanning Conditions,” and Part 

4 “Qualitative Analysis” in conjunction with this article.
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