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Abstract

Synchrotron X-ray diffraction and transmission electron microscopy (TEM) were
applied to quantitatively characterize the average particle size and size distribution of
free-standing TiB; particles and TiB; particles in an in-situ grown Al-TiB, composite.
The detailed evaluations were carried out by X-ray line profile analysis using the
restricted moment method and multiple whole profile fitting procedure (MWP). Both
numerical methods indicate that the formed TiB, particles are well crystallized and
free of crystal defects. The average particle size determined from different Bragg
reflections by the restricted moment method ranges between 25 and 55 nm, where the
smallest particle size is determined using the 110 reflection suggesting the highest
lateral-growth velocity of (110) facets. The MWP method has shown that the in-situ
grown TiB, particles have a very low dislocation density (~10** m®) and their size
distribution can be described by a log-normal distribution. Good agreement was found
between the results obtained from the restricted moment and MWP methods, which

was further confirmed by TEM.

Keywords: Synchrotron X-ray diffraction, Metal matrix composites, Electron

microscopy, X-ray line profile analysis



1. Introduction

In-situ metal matrix composites (MMCs) reinforced by TiB, particles have been
extensively investigated due to their outstanding mechanical properties, such as high
strength and hardness, superior creep and fatigue resistance as well as excellent
mechanical damping properties [1-4]. It has been commonly accepted that the
non-deformable TiB, ceramic particles are the main enhancement source of these
mechanical properties. It has also been confirmed that an effective interaction of the
TiB, particles and dislocation motion plays an essential role during plastic
deformation and recrystallization [5]. Therefore, the characteristics of TiB, particles
such as morphology, size and spatial distribution in the composite are an important
issue which allows one to tailor the combination of mechanical performance at the
macroscopic scale. However, unlike for ex-situ particle reinforced composites there is
always a dearth of quantitative analysis of these in-situ grown particles in the
literature, so that their characteristics are not well-known yet. In this regard, most of
quantitative characterization has been performed by scanning (SEM) and transmission
electron microscopy (TEM). Unfortunately, average particle sizes reported by
different authors have varied in the range from several tens of nanometers to several
microns [6-8]. As also revealed by Feng et al. [9], the in-situ grown nanosized
particles (<100 nm) tend to form clusters rather than individual particles in the
composite, thus the uncertainty of such characterizations caused by agglomeration

should never be negligible. Considering the limited field of view of SEM and, in
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particular TEM, it is reasonable to examine the validity of previously-reported results
by applying a technique with higher statistical significance.

The technique that can deliver structural information of a much larger volume
than electron microscopy is X-ray line profile analysis (XLPA). It is a
well-established method for microstructural characterization in terms of lattice defects
and crystallite size [10, 11]. In general, diffraction profile broadening occurs when
crystallites become small and/or crystal lattice is distorted by strain. These two effects
can be evaluated separately based on their different diffraction vector dependence [12]
or on the asymptotic behavior of the intensity distribution of single peaks [11].
Therefore, quantitative characterization of the in-situ grown TiB, particles with
XLPA is supposed to provide interesting statistical information. The purpose of this
study was to reinvestigate the quantitative results of the average size and

size-distribution of TiB, particles in the in-situ grown Al-TiB, composite.

2. Experimental details

An Al-TiB(8wt.%) composite sample was fabricated by the in-situ mixed salt
method as described in Ref. [13]. A pre-weighted mixture of K,;TiFs and KBF, was
slowly added into the molten Al (purity of around 99.999 %) in a high-purity graphite
crucible at 900 °C. The composite melt was cast in a graphite mould. To analyze the
size of the TiB, particles two sample types were prepared for a quantitative study: the

as-cast Al-TiB, composite and free-standing TiB, particles extracted from the
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composite by removing the Al matrix. The procedure to obtain the free-standing TiB;
particles was as-follows. A thin piece of the as-cast ingot with the dimension of about
10 mm x 10 mm x 3 mm was cut and completely dissolved in the 5 mol/L
hydrochloric acid (HCI) solution. Then the particles were recovered by constant
decompress filtration and finally vacuum-dried at 313 K for 12 h. The as-cast bulk
sample was prepared by careful spark machining in order to avoid the risk of particle
loss during conventional cutting and polishing.

The free-standing TiB, particles and as-cast Al-TiB, composite samples were
quantitatively characterized. The X-ray peak broadening analysis is therefore
particularly challenging and requires very careful measurements and sophisticated
analysis. To obtain better intensity statistics and a good, bulk characterization of the
samples, the experiments have been carried out at the beamline BL14B1 of the
Shanghai Synchrotron Radiation Facility (SSRF) using a diffractometer of negligible
instrumental broadening (less than 0.001°). The equipment had a small beam
divergence (less than 0.0002°) and was equipped with a double crystal
monochromator. The wavelength of the X-ray used was 0.124 nm. The 100, 001, 101,
110, 200, and 201 peaks were recorded using a scanning step size of 0.0025° in 26.
The angular range of each peak was 1°. XLPA was performed by using the restricted
moment method and multiple whole profile fitting procedure (MWP) and will be
described in detail in the following text.

The samples were further characterized with a PHILIPS CM30 and a FEI Tecnai
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G2-20 Twin transmission electron microscopes, operated at 300 and 200 kV
respectively. A suspension of a small amount of TiB, particles in pure alcohol was
prepared with the aid of ultrasonic agitation and a drop of this suspension on a thin
carbon foil supported by a Cu grid rendered the particles ready for TEM observation.
TEM thin foils of the AI-TiB, composite sample were prepared by mechanical
polishing and final ion milling using a Gatan Model 691 precision ion polishing
system. For each sample, in order to obtain the average particle size and size
distribution, around 1000 TiB; particles were randomly selected from different areas
of the TEM samples and measured by using standard image analysis technique as
detailed in [14]. Microdiffraction, i.e. with a nearly parallel incident beam focused on
the specimen with a spot size in the range 10 to 50 nm, was performed to acquire a
single-crystal zone-axis pattern (ZAP) of the nanosized TiB, particles. JEMS software
was used to index electron diffraction and fast Fourier transform (FFT) patterns by

considering the kinematical approximation.

3. Results and discussions

Figs. 1a and 1b show the morphology and size distribution of the TiB, particles
in-situ formed in the as-cast Al-TiB, composite. As can be seen in Fig. la, the
particles display the faceted shape and the size distribution ranges from
several-hundred nanometers down to several tens of nanometers. The TEM image in

Fig. 1b further shows that the agglomerated nanosized TiB, particles have a size in
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the range 20-80 nm and are distributed inside grains as well as along grain boundaries
of the Al matrix. The nature of the TiB; particles is confirmed by electron diffraction
(in Fig. 1c). Fig. 1d shows the free-standing TiB; particles which have morphology
and size being comparable to those of the particles in the composite. Generally, due to
the limited field of two dimensional view, neither SEM nor TEM technique is capable
to statistically characterize the size distribution in a single shot; in particular in the
case when the particles have a large size distribution as studied in the present work. In
other words, the analysis accuracy of size distribution strongly depends on the number
of TiB; particles analyzed, which is obviously time-consuming.

Statistically significant results can be obtained in a single shot by applying
XLPA to diffracted reflections (hereafter called peaks) recorded from a macroscopic
volume. The analysis for extracting information on particle size distribution is usually
performed with automated software [MWP & PM2K]. However, the exact conditions
required by the underlying assumptions of the evaluation methods are rarely checked.
Although XRD experiment is relatively easy to perform, the evaluation of particle
size distribution needs careful analysis by considering all the parameters involved in a
peak profile. The simplest method is the classical Williamson-Hall plot [15], in which
the peak widths are plotted against the magnitude of diffraction vectors. Due to its
simplicity it is always recommended to start the analysis with this method. The plot of
the full width at half maximum (FWHM) or that of the integral width (f) in reciprocal

space can immediately reveal the presence of size anisotropy or microstrain [16]. As
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shown in Fig. 2a, the FWHM values of the 001, 100, 101, 200 and 201 peaks recorded
on free-standing particles approximate to 0.0123 1/nm, suggesting a nearly isotropic
size and the absence of microstrain. The largest width of the 110 peak indicates that
the crystallite size perpendicular to the (110) plane is the smallest. Comparatively, a
quite different result is obtained for the same TiB; particles but incorporated in the Al
matrix (Fig. 2b). The largest FWHM value is again obtained from the 110 peak, but
an increase of the peak widths as a function of the diffraction vectors is observed.
This fact strongly indicates the presence of microstrain and will be discussed below.
More accurate information concerning the nature of microstrain and particles
size anisotropy can be obtained from the analysis of a single peak profile by the
restricted moment method [17]. According to this, the asymptotic behavior of the
variance and the fourth order restricted moment of the intensity distribution can be

written as [17]:

L Ap)ln(q/qo)
M(@) = 259 ~ 3EgzD? 22 : (1)
1 A 31%(p?)In?
Ma(q) = —_— 4jrpz) N <p4ztzlq§q/%) @

Where g = 2(sin — sinB)/A, is the reciprocal space variable measured from the
center of mass of the peak, A is the wavelength of the X-rays and (6—6,) is the angular

range associated with g. K is the Scherrer constant, L is the taper parameter depending
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on the decrease rate of the cross sectional area of crystallites and D is the surface
weighted apparent coherent domain size in a direction perpendicular to the diffracting
planes. The strain in equations (1) & (2) is expressed in terms of the average
dislocation density <p> and its fluctuation <p*>. qo and q; are fitting parameters,
while A is a geometrical constant related to the strength of dislocation contrast [18,
19]. This method has been proved to be very effective in XLPA since the source of
peak broadening can be easily recognized from the functional form of the two
moments [17].

The second and the forth order restricted moments of the 110 peak corresponding
to the free-standing particles and particles in the matrix are shown in Figs. 2c and 2d,
respectively. The moments of the free-standing particles show the linear asymptotic
behavior which, compared to equations (1) and (2), reveals pure size-type broadening.
Note that the other peaks analyzed by the restricted moment methods (results not
given here) have a very similar behavior . This confirms that the peak broadening in
the free-standing TiB; particles is dominantly due to the contribution of small particle
size. As also shown in Figs. 2c and 2d, the second and the fourth order restricted
moments obtained from the TiB, particles in the matrix is slightly different. While
their asymptotic behavior is linear these moments are larger at intermediate values of
g than those of the powder peaks. Their functional shape also differs a little from the
predictions of equations (1) and (2). It is, therefore, assumed in agreement with Fig.

2b, that this is due to microstrain broadening and related to the interaction of the TiB;
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particles with the Al matrix.

By fitting the asymptotic parts of M, and M./g°, average particle sizes are
obtained from the different peaks and given in Table 1. It can be summarized that the
average particle sizes (D,,) determined with the restricted moment method from the
different peaks range between 25-55 nm. For the analyzed 001, 100 and 200 peaks,
the average sizes of the free-standing TiB, particles are much smaller than those of
the particles in the matrix. This difference may be related to the experimental particle
extraction process since relatively large particles descend more quickly than small
ones in the solution. As a result, the population of small particles characterized by
synchrotron radiation is probably abundant. In addition, the average particle sizes
determined from the different peaks are not completely identical. The average value is
33 nm with a standard deviation of 4 nm (i.e. a relative deviation of about 12 %) for
the free standing sample. This is smaller than the values of about hundreds to
thousands of nm previously reported in the literature concerning the same kind of
in-situ grown TiB; particles [7, 20, 21]. It is also of interest to note that the average
particle sizes determined from the 110 peaks in both samples are smaller than those
determined from the other peaks (see Table 1). In terms of calculation of attachment
surface energies of different crystal faces and SEM observations, Hamar et al. [22]
has proposed a growth velocity relationship of the in-situ grown TiB; particles as
follows: (001) < (100) < (101) < (110). This leads to small (001), (100) faces and

often large (110) faces during the growth of TiB; crystals. A large crystal face is often
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supposed to be the result of a slow growth velocity in the vertical direction during the
growth. As a result, the X-ray method gives the size (diameter) in a direction
perpendicular to the reflecting planes, results obtained by the variance method are
consistent with this result.

In this work, MWP was also applied to study the size distribution of TiB,
particles. Detailed discussion of its principle and applicability was presented in [23,
24]. In general, for MWP fitting, the diffraction pattern is simulated by using
physically well-established functions for both size and strain profile. The
strain-related profile is given by the strain function defined by Wilkens for
dislocation-containing materials. The size-related profile is given by assuming
log-normal size distribution defined as [23]:

L1 [ (oG]

VZna;exp [_ 202

fGx) = (3)

where m and o are the median and the variance of the size distribution function f(x)
and x is the crystallite size. The MWP result of the free-standing TiB, particles is
illustrated in Fig. 3, the fitting procedure being performed as described in Ref [23].
We apply this method by assuming isotropic particles size, which according to the
results obtained with restricted moment method is valid within a relative variation of
about 12 %.

As shown in Fig. 3, a good agreement is found between the fitted and measured

XRD data (deviation very limited), which proves the good quality of the data
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collected at synchrotron source and the reliability of the MWP method. In the same
way the MWP procedure was also applied to the in-situ grown TiB; in the Al matrix
(result not shown here). The determined size-related parameters are: m = 49.2 nm
(error: 3.1%), o = 0.39 (error: 1.7%) for the free-standing TiB, particles and m = 57.3
nm (error: 5.3%), o =0.36 (error: 7.6%) for the TiB, particles in the matrix. The
dislocation density obtained from MWP fitting is around 10™ m™ for both samples,
below the sensitivity of XLPA method of ~10"* m?[10]. This result is close to that
obtained by the restricted moment method and further confirms the good crystallinity
of the in-situ grown TiB; particles.

The size distribution obtained by using MWP fitting is now compared with that
determined by statistical TEM image analysis applied for both samples, as shown in
Fig. 4. The histogram constructed from TEM image analysis is displayed as dotted
columns and the log-normal distribution by MWP fitting is displayed as a solid line.
As shown in Figs. 4a and 4b, an acceptable agreement is found between the
histograms and log-normal distributions for both samples, which lends support to the
assumption that the grain-size distribution of the in-situ grown TiB, can be well
described by a log-normal function. However, despite this generally good correlation,
the log-normal distributions determined by MWP fitting differ somewhat from those
determined by TEM analysis, where deviations are most clearly visible for grain sizes
smaller than 50 nm. Such deviations can be explained by considering the fact that the

XLPA vyields the area weighted average column length rather than the average grain
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diameter. The accuracy of grain-size information obtained by XLPA should be more
reliable in the large grain size range as discussed by Krill and Birringer [14].
Therefore it is not surprising to find that the TEM analysis tends to yield a larger size
than XLPA as shown in Figs. 4a and 4b.

A wide particle size distribution is observed in the free-standing TiB; particles as
well as in the in-situ grown TiB; particles in the matrix, as indicated by MWP fitting
and TEM analysis (see Fig. 4), which differs from the results in previous work
showing rather narrow size distributions [6, 25, 26]. Meanwhile, both samples are
found to have a dominant number of particles having a size smaller than 100 nm. The
high probability of distribution found between 20 and 60 nm for both samples is also
in accordance with the results of the restricted moment method (see Table 1). Note
that the restricted moment method can be applied to a single peak profile, thus the
average size can be individually measured from each peak, which can provide
information on particle size anisotropy. In its present implementation [17] this method,
however, is not able to give the size distribution of the sample investigated.
Comparatively, the MWP fitting procedure tends to yield an average size by
analyzing all the peaks. The main advantage of this method is that it gives the size
distribution with appropriate assumptions. The results of the restricted moment
method seem to be in better agreement with the modus of the distribution, rather than
with the mean value obtained from the MWP fit. To summarize, by combining

restricted moment method and MWP fitting statistical information of the particles can
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be achieved.

The good qualitative correlation between the XLPA and TEM determined size
distributions implies that the in-situ grown TiB, particles are single crystals just like
the SisN4 powder discussed by Ungar et al [24]. In addition, the size distribution of
the in-situ grown TiB; particles can be described by a log-normal distribution, similar
to other observations on nanocrystalline materials such as nanocrystalline iron and
titanium dioxide [27, 28].

Another important issue is related to the presence of microstrain in the Al-TiB;
composite sample, as evidenced by the Williamson-Hall plot (Fig. 2b). The value of
microstrain is rather small, but detectable from the behavior of the restricted moments.
Since no apparent lattice defects are observed inside the particles by XLPA, the small
microstrain originates most probably from the interaction between the TiB, particles
and the Al matrix. It has well been documented that the TiB, particles in the Al matrix
obey the following two high-coherency orientation relationships in order to reduce
interfacial energy: (0001)1ig2//(111)a;; [1120]7ig2//[110]ar and (0001)1ig2//(001)ay;
[2110]wig2//[110]a [29]. As an example, the (HR)TEM results in Fig. 5 reveal a
selected TiB, particle located at the grain boundary obeying the second
above-mentioned orientation relationship. Hence, microstrain can be introduced due
to the small misfit of lattices in this case. As evidenced by the WMP fitting (in terms
of dislocation density of about 10 m™), the magnitude of this strain is rather small

and should not have a significant impact on the determination of particle size.
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4. Conclusions

Quantitative characterization by Synchrotron XLPA and TEM has indicated that
the free-standing TiB; particles and in-situ grown TiB; particles in the Al matrix
display a wide size distribution with a dominant number of nanosized particles (< 100
nm). The smallest average particle sizes are obtained from the 110 peaks which
suggests the largest growth velocity of the (110) facets. The good qualitative
agreement between the size distributions determined by XLPA and TEM indicates
that the in-situ grown TiB; particles are single crystals. Meanwhile, the absence of
strain anisotropy in XLPA suggests that the in-situ grown TiB, particles are well
crystallized and have negligible dislocation density. Accuracy quantitative description
of the particles size distribution is essential to study the effect of in-situ grown
particles on mechanical properties as well as on deformation and recrystallization

behaviors of the in-situ MMCs.
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Fig. 1. (a) SEM secondary-electron and (b) TEM bright-field images of the as-cast
Al-TiB, composite sample showing morphology, size and its distribution and
agglomeration of the TiB, particles, (c) [211] ZAP from a nanosized particle
corresponding to the TiB, phase (hexagonal, a=0.3028 and ¢=0.3228 nm, P6/mmm,

No. 191) and (d) TEM bright-field image of the free-standing TiB, particles.
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Fig. 4. Comparison of particle size distributions obtained from XRD-MWP (solid
lines) and statistical TEM analyses (histograms): (a) the free-standing TiB, particles

and (b) the TiB; particles incorporated in the Al matrix (i.e. the composite sample).
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Fig. 5. (a) TEM bright-field image showing a cube-like TiB, particle along the grain
boundary where the Al grain at the right-hand side as well as the particle are in good
zone-axis orientation conditions and (b) High-resolution TEM (HRTEM) image
highlighting the TiB,/Al interface located in the dotted-line box shown in (a). Insets

are corresponding FFT patterns of the TiB; particle and the Al matrix.
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Table 1. Average particle size D,, of the free-standing TiB, particles and TiB;

particles in the matrix obtained from the second (D-M;) and fourth (D-M,) order

restricted moments of different peaks, standard deviation within parentheses.

Free standing In the matrix

hkl D-M,; D-Mq Day D-M,; D-My Day

001 32.3 315 31.9(0.4) 41.0 39.9 40.5 (0.6)
100 37.2 36.6 36.9 (0.3) 51.8 57.0 54.4 (2.6)
101 385 40.1 39.3(0.8) 34.2 37.2 35.7 (1.5)
110 26.7 24.8 25.8 (0.9) 23.1 26.6 24.9 (1.8)
200 31.6 34.2 32.9 (1.3) 47.1 43.2 45.2 (2.0)
201 36.3 28.7 32.5(3.8) 29.1 30.4 29.8 (0.6)
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