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Abstract: Quantitative X-ray diffraction (QXRD) (also known as the Rietveld method) was used to
analyze the precipitates present in Grade 100 microalloyed steel. The precipitates were extracted
from the steel using electrolytic dissolution and the residue from the dissolution was analyzed using
XRD. The XRD pattern exhibited three (3) distinct diffraction peaks, and significant broadening of
a fourth peak corresponding to the <10 nm size precipitates. QXRD analysis was applied to the
XRD pattern to obtain precipitate size, composition, and weight fraction data for each of the four
diffraction peaks observed. The predicted mean precipitate diameter and average atomic composition
of the nano-size (<10 nm) precipitates was 4.7 nm and (Nbyg 50Tip 3Mog 18)(Co.59No.41), respectively.
The predicted precipitate size correlates well with the average size of precipitates measured in
previous work by the authors using both transmission electron microscopy (TEM) and small angle
neutron scattering (SANS). The average atomic composition correlates well with the composition
measured in this work using energy dispersive X-ray (EDX) analysis of individual nano-sized
precipitates. The calculated weight fraction of the nano-size precipitates in the extracted residue
was 42.2 wt. %. The calculated atomic compositions of the other three diffraction peaks were TiN,
(Tip.87Nbg 13)N, and (Nby s, Tig18)(Co.87No.13) with weight fraction values of 12.9 wt. %, 31.7 wt. %,
and 13.1 wt. %, respectively. The sizes of both the (Tipg7Nbyg 13)N and the (Nbg g>Tig 18)(Co.87Np.13)
groups of precipitates were directly measured and were observed to range from 150 nm to 570 nm and
from 90 nm to 475 nm, respectively. QXRD was unable to determine a reasonable mean precipitate
size for either of these two groups of precipitates. The wide compositional range (i.e., varying levels
of Nb and Ti) of these precipitates (as measured by EDX) resulted in XRD peak broadening that was
erroneously interpreted as a size broadening effect.
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1. Introduction

The characterization of precipitates in microalloyed steels can be undertaken using a number of
analytical techniques, including optical microscopy [1,2], scanning electron microscopy (SEM) [3-6],
transmission electron microscopy (TEM) [2,3,7,8], energy dispersive X-ray (EDX) analysis [2,3,8,9], and
small angle neutron scattering (SANS) [10]. Each technique has its own advantages (and disadvantages)
in terms of quantifying the number density, volume or weight fraction, composition and/or size
of the precipitates. SANS is advantageous in that a larger number of precipitates are examined
simultaneously compared with SEM and TEM, where a small number of individual precipitates are
sequentially analyzed. Due to the wide range of precipitate sizes (from several microns down to the
nanometer scale [2,11,12]) present in microalloyed steels that have undergone thermo-mechanical
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controlled processing (TMCP), and the relatively low volume fractions and diverse compositions
of the precipitates (e.g., TiN, (Tix,Nb1_,)(CyN1_), etc.), most, if not all, of the above mentioned
characterization techniques are concurrently used.

This paper outlines the application of quantitative X-ray diffraction (QXRD) to characterize
precipitates chemically extracted from Grade 100 microalloyed steel. The precipitate characteristics
quantified by QXRD include precipitate size, weight fraction and average atomic composition. The
extracted precipitate sample size of 100 mg represents a significant number of precipitates being
simultaneously examined. The precipitate characteristics obtained from QXRD are compared with
the composition and size of a select number of precipitates measured with EDX and TEM and from
previous analysis on nano precipitate sizing conducted (on the same Grade 100 steel) by the authors
using TEM and SANS.

2. Backgound

The Rietveld method, in conjunction with X-ray diffraction (XRD)—commonly referred to
as quantitative XRD (QXRD) is a characterization methodology that has been applied to many
metallurgical and materials systems to measure phase fractions [13], grain size in polycrystalline
materials [14] and the average size of powder materials [15,16]. It is this latter application that
has instigated the application of QXRD to the characterization of precipitates in microalloyed steel.
This background section will review the general QXRD methodology with special emphasis on the
quantification of precipitate size.

2.1. QXRD

QXRD [17] mathematically calculates an XRD pattern (i.e., intensity versus scattering angle 20) for
a material and compares the calculated pattern with a measured diffraction pattern in a process known
as the fundamental parameters approach (FPA). The calculated diffraction profile is obtained from
parameters describing both the diffractometer (i.e., the instrument) and the material being analyzed [18].
The latter group of parameters includes the crystallographic structure of the phase(s) presents (i.e.,
crystal structure, atom type, and ordering) and specific phase characteristics such as the diffraction
domain size (analogous to grain size or individual precipitate size for very fine precipitates) and
internal microstrain. A refinement of these variables is performed until a “best fit” is achieved between
the entire observed diffraction pattern and the predicted pattern [16] as per the following equation:

R = Ewi(liohs - Iical)z )
i

where R is the value to be minimized, I;,;s and I;.; are the observed and calculated XRD intensities,
respectively (at any angle 8) and w; is the statistical weight of each observation point, which takes into
account the accuracy of the diffraction experiment.

The intensity of the calculated diffraction profile (I.;;) for a single phase material can be determined
using the following equation [18]:

2
Leas = S) Lk [Fx|" & (26; — 20k) PkA + I )
K

where S is a scale factor (used in the calculation of weight fraction of each phase in a multi-phase
system), Lx contains the Lorentz polarization and multiplicity factors, F is the structure factor which
accounts for the fractional atom locations, the Miller indices (/kl) of the plane and the atomic scattering
factor of the atom type, P is a preferred orientation function, A is an absorption factor specific to
the atom type and the X-ray source, I}, is the background intensity and ¢ is a profile function used to
incorporate the effect of both domain size and microstrain on diffraction intensity at different angles
(6;) relative to the Bragg diffraction angle (6x). of importance to the work presented in this paper is the
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profile function ¢ [19,20] used to determine domain size (and microstrain), the scale factor for weight
fraction and variations in both the absorption factor and atomic scattering factor for each atom (e.g.,
Nb, Ti, etc.) that allows for the determination of precipitate atomic composition.

2.2. Domain Size

In a physical sense, diffraction domain size is a measurement of the depth (perpendicular to
the diffraction plane) of a continuous set of coherent planes that contribute to Bragg diffraction.
In materials with relatively large domain sizes, the diffraction peak decays rapidly on either side of
the Bragg angle due to destructive wave interference between X-rays scattering from the near surface
plane of atoms and those scattering from a relatively distant plane in the material. The net result
is a relatively narrow diffraction peak where any broadening in the diffraction peak is attributed to
instrumental effects. However, as domain size falls below approximately 100 nm [21], the diffraction
peak begins to noticeably broaden due to the incomplete annihilation of the diffracted X-rays on either
side of the Bragg peak. This reduced wave annihilation results in a measureable broadening of the
peak beyond any instrumental broadening present.

In an “idealized” single crystal precipitate, the domain size would represent a physical
measurement of the precipitate size [15]. It should be noted that domain size does not necessarily
translate into precipitate size but represents (for an integral breadth analysis) the volume average mean
column height (D,) in the direction normal to the reflecting planes [22]. In addition, broadening of the
peak due to domain size depends not only on the dimension normal to the diffracting planes but also
on the geometric shape [23] of the diffracting planes in three dimensions (e.g., cube vs. sphere) [24].
As a further complication, there is not a specific single domain size but typically a distribution of
sizes which can complicate the broadening effect and, hence, render the value of D, as an average
value only.

For polycrystalline spherical precipitates, the presence of crystalline defects such as dislocation
arrays (small angle boundaries), stacking faults, twins and/or high angle grain boundaries [23] would
delineate the precipitate into multiple domains. The presence of these multiple domains precludes
a direct measurement of the precipitate size from diffraction broadening.

2.3. Microstrain

Microstrain (or inhomogeneous strain) within the crystal lattice arises from local atomic
positional distortions due to the presence of defects such as dislocations, solid solution elements,
and vacancies [25]. The greater the number of defects/homogeneities in the material, the greater the
microstrain within the domain and, hence, the greater the peak broadening. Microstrain should not be
confused with macrostrain (or residual stress), which is a global material phenomenon, that translates
into either an increase or decrease in the plane spacing depending upon the direction and magnitude
of the residual stress. As both domain size and microstrain result in peak broadening their individual
effects must be separated. This can be undertaken by observing the variation in peak broadening as
a function of the diffracting angle (0) (e.g., a Williamson-Hall Plot) or via the use of appropriate profile
functions (Gaussian and/or Lorentzian functions), which delineate the individual effects.

2.4. Profile Functions

Gaussian (G) and Lorentzian (L) profile functions are typically used to describe diffraction peak
broadening resulting from both a small domain size and microstrain and have the following respective

forms [18]:
B 20; — 20k \ 2
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where I is the intensity for a Gaussian profile, I} is the intensity for a Lorentzian profile, I, is the
initial intensity and I'x represents the full width at half maximum (FWHM) of any diffraction peak.
The value of I'x is one of several independent variables used in the Rietveld minimization process
for the calculation of both domain size and strain. The Gaussian profile is equivalent to a normal
distribution [18] while the Lorentzian profile is equivalent to a Cauchy-Lorentz distribution [19].
A major difference between these two functions is that Lorentzian profile has flatter tails (extends for
a greater deviation away from the Bragg peak) than a Gaussian distribution exhibiting an equal FWHM.

The application of both the Lorentzian and Gaussian diffraction profiles is based on the
experimental usefulness [22,26,27] of both these functions in describing peak broadening and not
a fundamental first principles relationship with either domain size or microstrain. To improve the
fitting of either (or both) the Gaussian or Lorentzian profile to peak broadening, a combination of
the two profiles can be used in a Voigt function [22,25,27] (i.e., broadening due to both domain size
and microstrain strain contains both a Lorentzian and Gaussian component [16,25]. The profile
function broadening can then be used to calculate the domain size and maximum microstrain using

the following equations [16]:

f’size = L (5)

Ly, - cosB
E’struin =k- € - tan® (6)

where B, is the integral breadth (a function of I') of a Voigt function for broadening due to domain
size, PBgqin is the integral breadth of a Voigt function for broadening due to microstrain, L, is the
volume average crystal size (domain size) and ¢, is the maximum lattice strain. The values of L,
and ¢, will be presented in this work as an estimation of the size and microstrain for the precipitates
present in Grade 100 microalloyed steel. Other important parameters obtained from QXRD include the
weight fraction, composition, and the lattice parameter of a particular phase. All these will be used in
characterizing the precipitates of the Grade 100 steel analyzed in this study.

2.5. QXRD Programs

There are a number of available programs for conducting Rietveld analysis on diffraction data;
these include GSAS (General Structure Analysis System) and TOPAS [23]. For the purpose of the
work presented in this paper, TOPAS Academic Software (4.1, Bruker AXS Inc. Madison, WI, USA,
2004) is used. Calculations of composition, domain size, and microstrain are based on the Double
Voigt method [16,23]. To ensure that the Rietveld analysis results in a global minimization, different
parameter inclusion schemes, and starting values of the parameters were undertaken.

3. Experimental Procedure and Results

The nominal composition of the Grade 100 TMCP microalloyed steel studied in this work is
0.080 wt. % C, 0.011 wt. % N, 0.30 wt. % Mo, 0.20 wt. % Cr, 0.094 wt. % Nb, 0.060 wt. % Ti, and
0.047 wt. % V. The steel was continuously cast and then rolled to its final thickness via TMCP. Following
TMCP, a representative sample from the Grade 100 steel strip was extracted and an electrolytic
dissolution technique [3] was used to separate the precipitates from the steel matrix. The residue
remaining after dissolution (containing the precipitates) was then analyzed using XRD. QXRD was then
applied to the experimental diffraction pattern. In addition, TEM and EDX analysis [3] were conducted
on a limited number of precipitates in the residue to quantify both the composition (stoichiometry)
and size for subsequent comparison with the QXRD results.

3.1. Diffraction Pattern of Grade 100 Residue

The XRD pattern of the Grade 100 precipitate residue was obtained using a Bruker D8
diffractometer(Bruker AXS Inc., Madison, WI, USA) with a Co X-ray source. A magnified portion
of the XRD pattern, extending from 20 = 65° to 75° (which corresponds to diffraction from the (220)



Metals 2016, 6, 90 50f 13

plane in an Fm-3m crystal system), is shown in Figure 1. Three (3) distinct diffraction peaks are
observed in Figure 1 and are labeled as 1, 2, and 3. In addition, asymmetric broadening of peak
1 was also observed (as indicated by an arrow). This asymmetric broadening is attributed to the
presence of nano-size precipitates. The data indicates that there are four (4) measurable groups of
precipitates present in the Grade 100 steel, Groups 1 to 3, shown in Figure 1, and Group 4 indicated by

the asymmetric broadening.
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Figure 1. Magnified view (65° < 20 < 75°) of the measured XRD pattern.

3.2. QXRD Refinement

QXRD refinement involves calculating a diffraction pattern based on both the XRD instrument
parameters and the characteristic crystallographic variables of each precipitate group (described in
the background). Table 1 details the specific XRD instrument parameters (and their values) that were
directly inputted into the QXRD refinement. The crystallographic variables refined during QXRD
for each precipitate group includes the unit cell lattice parameter (a), wt. % of each precipitate, the
atomic fraction of each element, the domain size (L), and the microstrain (¢,). All the precipitates

have a Na-Cl-type crystal structure.

Table 1. XRD instrument parameters.

Parameter Value Parameter Value
filament length 12 mm primary soller angle 2.3°
sample length 20 mm axial beta 20°
receiving slit length 50 mm axial del 0.0053°
slit width 0.15 mm - -

A comparison between the measured (rough line) and calculated diffraction pattern (smooth line)
is shown in Figure 2. A good fit (an Ry, (weighted profile R-factor) = 2.63%) is observed between the
measured and predicted profiles and confirms the veracity of the Rietveld refinement in successfully

predicting the measured diffraction pattern.
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Figure 2. Comparison between the measured and predicted XRD pattern.

As discussed earlier, the nano-size precipitates do not exhibit a sharp peak similar to the other
precipitates (see Figure 1); therefore, their presence must be inferred from shape of the overall
diffraction pattern. Figure 3 compares the measured diffraction pattern with the calculated intensity
contribution from the Group 4 precipitates for the (220) plane. The asymmetric broadening of the
measured diffraction pattern (as indicated by the arrow) corresponds well with the profile calculated
for the Group 4 precipitates.
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Figure 3. Comparison of the measured and predicted (bottom smooth curve) XRD patterns for the
Group 4 precipitates for the (220) plane.

3.3. Predicted Crystallographic and Microstructure Variables

The values of the predicted crystallographic and microstructure variables (i.e., atomic composition,
lattice parameter, L,,;, and ¢,) for all the precipitate groups are summarized in Table 2. The predicted
atomic composition of the Group 1 and 2 precipitates show them as primarily titanium nitrides. These
nitrides account for 44.6 wt. % of the total number of precipitates collected. Interestingly, both nitride
groups also exhibit a relatively low L, value (70 nm and 115 nm, respectively) and a relatively high
internal microstrain (8.8% and 30.1%, respectively). The validity of these predicted values will be
discussed later.

Alternatively, both Group 3 and 4 precipitates are predicted to be carbonitrides with Nb as the
major alloying element in both. The Group 3 precipitates also exhibit a relatively low L, value
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(40.3 nm). The Group 4 precipitates were predicted to have a L, value of 4.7 nm. Given the observed
broadening, the small predicted particle size was not unexpected for the latter group. In addition, the
Group 4 precipitates were predicted to have Mo present. The small predicted precipitate size and the
presence of Mo indicates that the Group 4 precipitates likely arose during the final stages (i.e., relatively
low temperature rolling) of TMCP.

Table 2. QXRD values for composition, weight fraction, and microstructure dependent variables.

Group Atomic Composition wt. % a(A) L, (nm) g0 (%)
1 TiN 129 4.25 70.0 8.8
2 Tig g7Nbg 13N 31.7 4.28 115.0 30.1
3 Nby.82Tip.18Co.87No.13 13.1 442 40.3 9.9
4 Nby.50Tig30M0018Co50Np41  42.2 4.39 4.7 25.2

3.4. EDX/TEM Analysis

The atomic composition of sixty three (63) individual precipitates extracted from the Grade 100
steel residue were obtained through EDX analysis in the TEM [3]. Figure 4 [3] shows an example TEM
image (a) and a selected EDX pattern (b) obtained from a nano-size precipitate. The amount of Ti and
Nb present in all 63 precipitates analyzed is plotted in Figure 5. For this figure and all subsequent
figures, only the metallic elements are considered and the composition does not include the amount
of C and N in the precipitates. Included in this figure is a vertical dashed line which subdivides
the nano-size precipitates (Group 4) from the Group 1 to 3 precipitates (>90 nm) examined. For the
relatively large precipitates, the Ti and Nb compositions vary inversely with each other (i.e., as the
amount of Ti decreases the amount of Nb increases). Mo and V were not detected in the Group 1-3
precipitates. The Group 4 precipitates show the amount of Ti to be primarily between 20 at. % and
25 at. %; however the Nb composition varies in a non-regular manner between approximately 38 at. %
and 60 at. %. This variation is attributed to the presence of Mo replacing Nb within the carbonitride
structure. The presence of Mo and V within the nano-size precipitates will be discussed more fully in
subsequent sections.

Nb Cu
Mo
Ti
Nb
Ti
Si F Cu Mo
e
Ca ||fcp Nb "
Fe
2 4 6 8 10 12 14 16 18 20
Energy (keV)
(a) (b)

Figure 4. (a) TEM BF image of extracted nano-size precipitates and (b) EDX spectrum from a single
circled region. Note that the Cu peaks are from the support grid, trace amounts of Cr from the Grade 100
composition, while Ca and Si are from inclusions also generated during the extraction process.
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Figure 5. Amount of Ti (solid triangles) and Nb (open circles) for selected precipitates measured by
EDX analysis.

Although the Nb and Ti compositions for the >90 nm precipitates vary significantly, a number
of precipitates have relatively constant Ti compositions. One significant group occurs at ~82 at. % Ti
and to a lesser degree another group at ~36 at. % Ti. Though a limited number of precipitates were
analyzed, the data suggests that these compositions of precipitates are potentially more volumetrically
dominant in the steel.

The amount of Ti in the precipitate groups 1-3 (Figure 5) is plotted as a function of measured
particle size in Figure 6. Since an exact precipitate size was not determined for the Group 4 precipitates
(<10 nm), they have been excluded from this graph. In addition, two very large precipitates, 1770 nm
and 3750 nm with compositions of 93 at. % Ti and 89 at. % Ti, respectively, are shown by horizontal
arrows as their size markedly exceeds the scale of the graph. In general, precipitates with a composition
between 20 and 80 at. % Ti are typically less than 200 nm in size, although several precipitates in the
20-30 at. % Ti range were observed to be significantly larger. Conversely, the precipitates with >80% Ti
show a wide range of sizes up to and including 3750 nm in diameter.
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Figure 6. Ti composition vs. precipitate size, measured by EDX analysis, for the Group 1-3 precipitates.

The number frequency of precipitates (Groups 2 and 3) as a function of Ti composition is shown
in Figure 7. The largest number of the precipitates analyzed contained between 80-90 at. % Ti and
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30—40 at. % Ti. The former range corresponds to the Group 2 precipitates, while the latter does not
correspond to a specific group detected by QXRD.

Number

2 ’—‘ ’—‘
0
20-30 30-40 40-50 50-60 60-70 70-80 80-90 >90

at% Ti

Figure 7. Number of precipitates, in Groups 2 and 3, as a function of measured Ti composition.

4. Discussion

The precipitate information (composition and domain size) extracted from QXRD is compared
with the composition and size data obtained from the TEM/EDX work undertaken in this paper and
with previous work by the authors on precipitate size analysis using TEM and SANS.

4.1. Composition Analysis

A comparison between the predicted and measured composition of the large (>90 nm) precipitates
is undertaken. This is followed by an analysis of the more compositionally complex nano-size
(<10 nm) precipitates.

4.1.1. Composition of Precipitates >90 nm in Size

As shown previously (Figure 4), precipitates > 90 nm in size are composed of Ti and Nb. The
number frequency plot (Figure 7) indicates that the majority of the precipitates have a Ti composition
of either 80-90 at. % or 3040 at. %. For the Group 2 precipitates, the predicted average Ti composition
of 87 at. % (Table 2) agrees well with the EDX analysis, both in terms of the Ti composition and the
relatively high weight fraction of this group (31.7 wt. %) in the extracted residue. In addition, the
predicted lattice parameter (Table 2) for the Group 2 precipitates (Tip gyNbg 13N) was 4.28 A. This value
corresponds reasonably well with the lattice parameter for a TiyNb;_,N (0 < x < 1) precipitate (4.26 A)
of this composition if a linear change in the lattice parameter, in going from TiN (4.24 A) to NbN
(4.40 A), is assumed.

QXRD predicts TiN (Group 1) precipitates are present, however, a TiN precipitate was not
observed in the EDX analysis. This may be attributed to the relatively small number of precipitates
(63) sampled.

4.1.2. Composition of Precipitates <10 nm in Size

The composition predicted by the Rietveld analysis for the Group 4 nano-size precipitates
is (Nbg50Tip32M0.18)(Co.50Np.41) (Table 2). The predicted Rietveld compositions (solid and dashed
horizontal lines) are compared with the measured EDX analysis compositions for both Nb and Mo
in Figure 8 and for both Ti and V in Figure 9. For both figures, the measured composition shows
some deviation from the QXRD predicted compositions. In particular, the predicted level of V is zero
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even though EDX analysis confirmed its presence. It is believed that the amount of V present in the

precipitates (<5 at. %) may be below the sensitivity of the quantitative XRD analysis.
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Figure 8. Measured Nb (squares) and Mo (circles) compositions vs. QXRD predicted compositions

(solid line for Nb and dotted line for Mo).
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Figure 9. Measured Ti (diamonds) and V (triangles) compositions vs. QXRD predicted compositions

(dashed line for Ti and 0 at % for V).

The deviations observed in Figures 8 and 9 may be attributed to the relative difference in atomic
scattering factors used in the QXRD intensity calculations (Equation (2)) for each atom type. The
structure factors (F) are nearly identical for both Nb and Mo, since they have similar atomic scattering
factors (they are adjacent to one other in the periodic table); 41 for Nb and 42 for Mo at sinf/A = 0.
In an analogous manner, both Ti and V exhibit similar (though significantly smaller) atomic scattering
factors; 22 for Ti and 23 for V at sin6/A = 0. The small difference in atomic scattering between each
pair of atoms may be indistinguishable within the QXRD calculations. Figure 10 compares the total
QRDX predicted values for both (Nb + Mo) composition and (Ti + V) composition with the measured
combined composition values. For both cases, there is better agreement between the measured
composition values and the QXRD predicted values. These results indicate a limitation for using
QXRD to distinguish between similar atoms in a precipitate crystal structure.
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Figure 10. Measured (Nb + Mo) composition (squares) and measured composition (Ti + V) (diamonds)
vs. predicted combined compositions (dashed lines).

In addition to the levels of the microalloying elements present, a relatively balanced amount of C
and N (Co 59 vs. Np41) is observed in the nano-precipitates (Table 2). This suggests that a sufficient
amount of both C and N was still available in solution during the nano-precipitation event. However,
the relative amount of C/N predicted by QXRD has not been independently confirmed.

4.2. Size (Lyo;) Analysis

A comparison between the predicted and measured size of the large (>90 nm) precipitates has
been undertaken. This is followed by a comparison of the predicted size of the nano-size (<10 nm)
precipitates with SANS precipitate size results measured by the authors in previous work [10].

4.2.1. Size of Precipitates >90 nm

The wide variation in both composition (Figure 6) and size (Figure 7) for Group 1 to 3 precipitates
is believed to have a strong effect on both the size (L) and strain (¢,) values predicted using QXRD.

The domain sizes (L,,) predicted by quantitative XRD analysis (Table 2) for Group 1 to 3
precipitates (70 nm, 115 nm, and 40.3 nm) are smaller than the minimum size range reported in
Figure 7. This contradiction between the size predicted by quantitative XRD and the size directly
measured is likely related to the compositional complexity of the precipitates present in the Grade 100
steel. As discussed earlier, the predicted values of domain sizes (and microstrain) are based only on
the broadening of the diffraction peak. However, artificially broadening of a diffraction peak can also
arise from slight variations in lattice parameter (i.e., a change in d spacing) due to a variation in the
relative amounts of Ti and Nb in the Group 1-3 precipitates. Alternatively, XRD broadening may arise
from a polycrystalline precipitate structure (i.e., the domain size is a measure of the grain size within
the precipitate and not the total precipitate size). However, selected area diffraction (SAD) analysis of
the relatively large microalloyed steel precipitates [1] indicates the precipitates are single crystals; as
such, the domain and precipitate size are equivalent.

4.2.2. Size of the Group 4 Precipitates

The average domain size (L) predicted for the (NbyTiyMoj—,—)(CN) precipitates (0 < x, y < 1)
(Table 2) of 4.7 nm is in good agreement with the average size obtained using SANS (5.5 nm) [10] and
TEM (3.9 nm) [28]. SAD analysis of the small size precipitates indicates that they are single crystals;
hence, the value of L, is equivalent to the precipitate size. It should be noted that the SANS and TEM
data were originally obtained in the form of a size distribution. The TEM precipitate size (3.9 nm)
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corresponds to the size at which the maximum number of precipitates was observed. Similarly, the
SANS analysis showed that the nano-size consisted of two overlapping log normal distributions with
mean values of 3.4 nm and 6.6 nm [10]. A weighted average of each distribution was used to obtain
the overall mean size of 5.5 nm from the SANS analysis. The effect of a multimodal distribution on the
peak broadening effect in the Rietveld analysis is not known.

5. Conclusions

1.  Quantitative X-ray diffraction (QXRD) via the Rietveld method can be used to quantify both
the average size and composition of nano-size precipitates in a microalloyed steel. The average
predicted L, size of 4.7 nm corresponds well with precipitate size analysis conducted using
transmission electron microscopy (TEM) (3.9 nm) and small angle neutron scattering (SANS)
(5.5 nm). The predicted composition of the nano-size precipitates ((Nbg 50 Tip 3:Mo0.18)(Co.50No.41))
also compares favorably with the individual compositions measured by energy dispersive X-ray
(EDX) analysis.

2. The variation in the Nb and Ti composition (as measured with EDX) of the relative large (>90 nm)
precipitates present in the Grade 100 steel limited the microstructure information that could be
obtained from QXRD. In particular, the L, predicted by quantitative XRD was inconsistent with
the individual precipitate sizes physically measured.

3. QXRD can be used to quantify the effect of TCMP processing on precipitation in a microalloyed
steel, as long as the limitations are adequately accounted for.
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