DOI: 10.14529/met160403

NEW METHOD OF CRYSTAL MATERIAL
HETEROGENEITY EXAMINATION

L.A. Barkov, barkovla@susu.ru,

M.N. Samodurova, samodurovamn@susu.ru,
E.V. Ekk, ekkev@susu.ru,

Yu.S. Latfulina, latfulina174@gmail.com

South Ural State University, Chelyabinsk, Russian Federation

A principally new method of phase heterogeneity examination based on diffractometric analysis
of interference maximum integral intensity of X-ray beam reflections from microvolumes of dif-
ferent sizes in irradiated samples of crystal materials has been developed. Also, some quantitative re-
lationships have been experimentally tested and theoretically justified, namely the dependence of
X-ray line integral intensity on the structure of incident radiation, the size of beam projection on
the surface of a sample and other survey parameters. Newly developed diffractometric survey of in-
terference line profiles allows to reach an effective averaging in texture heterogeneities that is impor-
tant for high accuracy and reliable determination of quantitative values of integral intensity. Basing
on the above quantitative dependences, necessary relationships have been established to find the values
of relative differences between concentrations. New method is advantageous in phase heterogeneity
and crystal material porosity analysis as well as in the analysis of the efficiency of blending in multi-

phase powder mixtures.
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Introduction

Structure heterogeneity in powder products,
for example that of crystal phase and pore distri-
bution, significantly influences their quality and
physico-mechanical properties. Among the well
known methods of crystal material heterogeneity
examination there are metallography of polished
sections and X-ray spectroscopy, both intended
for qualitative evaluation of phase distribution
in products. But these methods are time-
consuming and of no value when one wants to
know the degree of heterogeneity or the nature
of crystal phase and pore distribution in the bulk
of a product.

New method of evaluation of the degree of
heterogeneity based on diffractometric analysis
of X-ray beam integral intensities surveyed as
interference maxima of beam reflections from
irradiated samples of different sizes has been de-
veloped to assess heterogeneity of phase and pore
distribution in the bulk of a crystal or powder
material. Thorough analysis of integral intensity
dependence on the size of X-ray beam projection
on the surface of a sample resulted in the equa-
tion permitting to find relative differences be-
tween phase concentrations in the samples of dif-
ferent sizes.

New method is mostly advantageous for
quantitative evaluation of phase and pore distri-
bution heterogeneity in crystalline, continuous
and powder materials as well as for the estima-
tion of powder blending efficiency in multi-phase
mixtures. New method compares favourably with
other known methods of phase analysis being
simple, reliable, permitting to obtain accurate va-
lues of phase concentrations and to define the na-
ture of phase and pore distribution both in micro-
and macrovolumes of the samples in question.

Apparatus and materials

Experimental investigations on the applica-
tion of new method of crystal material hetero-
geneity examination have been carried out with
the X-ray apparatus “DRON-2”emitting Cu-K,
and Fe-K,, radiation [1, 2]. During the experiment
both the width and the height of the original
beam were varying by “Soller” and collimating
slits on the X-ray tube and the counter, respec-
tively, the slits cutting the plane-parallel beam
out of X-radiation.

For the experiment, single-phase powders
such as calcium aluminates, CaO Al,O; — CA,
CaO 2A1203 — CAz, 12Ca0O 7A1203 — C12A7and
pressed sintered silicon steel, Fe + 6.68% Si,
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were used as well as multi-phase powders made
of mixed single-phase powders. Before the expe-
riment calcium aluminates had been atomized by
different methods, screened and mixed with a plas-
ticating agent to a putty state and then placed into
a quartz cuvette.

Since the silicon steel containing up to
6.68 percent of silicon was extremely brittle
at room temperature, the initial powder with
130-150 pm particles had been prepared by ato-
mizing the cast shaped granules in the vibrating
mill. To obtain the dispersed powder fractions
with less than 10 pum particles, the atomized
powder was sintered in the open air at 550 °C and
atomized once again in the vibrating mill. From
the prepared powders cylindrical samples were
pressed under the pressure of 2000 MPa and sin-
tered in vacuum furnace at the temperature of
1100 °C.

The finished samples were secured on
the X-ray reflecting goniometer permitting to
rotate the sample around its own axis, or the axis
perpendicular to the plane of the reflected beam,
or the both. Each separate crystal phase in the
sample was investigated by X-ray beams with
varying wave lengths, namely: CA —2.97 A and
4.67 A, CA,-3.49Aand4.44 A, C,A; - 489 A
and 2.68 A, Fe + 6.68 % Si— 1.42 A. To measure
the values of interference maximum integral in-
tensities, the profiles of interference lines from
each phase were surveyed step-by-step at the an-
gle interval of 0.01 degree and 10 sec exposure at
each step.

Survey conditions

Developing the new method of crystal ma-
terial heterogeneity examination, the special
study has been carried out to determine the influ-
ence of beam geometry and survey conditions on
the magnitudes of interference maximum integral
intensities. For this purpose, the survey of the sam-
ples was performed with the help of plane- paral-
lel beam with the provided diaphragm using
Bragg— Brentano focusing. “Soller” slits and col-
limating slits set up on the X-ray tube and

a)

the counter confined the incident and the reflec-
ted beams in width and height, respectively.

Investigations have shown that it is impor-
tant to obtain rectangular beam projection with
uniform distribution of incident beam energy all
over the projection area on the reflecting surface
of a sample, so as to increase the effectiveness of
the method.

Photographs presented in Fig.1 show that
survey conditions strongly influence the intensity
of radiation and geometric form of beam projec-
tion.

Another important condition is that the rota-
tion of a sample around the axis perpendicular
to the plane of beam projection should be of
the preset frequency, approximately 1 Hz. Under
such rotation the maximum quantity of crystal-
lites forming the whole reciprocal lattice are ex-
posed to the beam, that helps to increase the ef-
fectiveness of texture heterogeneity blending in
samples.

It should be noted that all the survey condi-
tions mentioned above help to improve the accu-
racy of quantitative evaluation of interference
line integral intensities.

Dependence of relative integral intensity

on beam projection size

As a result of experimental investigation, it
was found that relative integral intensity of any
interference line and the size of plane-parallel
beam projection obeyed quadratic dependence
(Fig. 2) instead of being directly proportional as
many researchers thought. This dependence can
be expressed by the following equation:

Jnoxo/Ingxby = GG, (1)
where Jj,xp, 1s the intensity of interference lines
when the width /; of beam projection on the sam-
ple surface is varying, and J, xp, is the intensity
of interference lines when the width %, of beam
projection and the height bohave the base values.

Proportionality factor in Equation (1) is pre-
sented by the function

o = a(Ah, AB), 2)

c)

Fig. 1. Photograph of the form of beam projection under different survey conditions: a — with “Soller” slits, when

the size of the beam emitted by the X-ray tube is 0.25x2 mm and the size of the beam received by the counter

is 0.25x2 mm; b —with “Soller” slits, when the sizes of the beam are 0.25x4 mm and 0.25x4 mm, respectively;
c —without “Soller” slits, when the sizes of the beam are 0.25x4 mm and 0.28x8 mm, respectively
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where A/ is the point beam expansion of the ano-
de spot, and AB is the interference maximum
broadening.

If the anode spot point beam expansion falls
within the space angle of reciprocal lattice point,
then the values of function (2) are close to 1, and
if not, then o < 1.

In Fig. 3 the relative integral intensity is
plotted against the beam projection size, data

being obtained from the experimental investiga-
tion of polycrystalline powder samples.

Results of phase heterogeneity magnitude

determination

Let us consider the application of the new
method to phase heterogeneity magnitude deter-
mination by analyzing the three-phase powder
mixture containing CA =15%, CA,=70% and
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Fig. 2. Plot of the integral intensity J;, .p,/Jn,xb, @S @ function of beam projection size:

1 — taken from references [3, 4], when hp = 0.1 mm; 2— according to the equation (1),

when hy = 0.1 mm; 3- according to the equation (1), when hy = 0.05 mm; 4 — experi-
mental, when h, = 0.1 mm; 5 — experimental, when hy = 0.05 mm
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Fig. 3. Plot of the integral intensity ] xp,/J/r,xb, @ @ function of beam projection size h;
for single-phase powders: 1 — taken from references [3, 4]; 2 — experimental, when
hg =0.25 mm
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Fig. 4. Plot of the relative integral intensity Jj, «p,/Jryxp, @ a function of beam projec-

tion size h;: dotted line refers to powder mixture with uniform phase distribution;

shadowed area refers to powder mixture with £1 % phase heterogeneity; solid line CA

corresponds to phase heterogeneity of 4.80 %; solid line CA; to phase heterogeneity
of 5.25 %; solid line C12Asto phase heterogeneity of 2.07 %

C2A7 = 15% calcium aluminates. In Fig. 4 the re-
lative integral intensity of interference lines is
plotted against the width of plane-parallel beam
projection derived from the above powder mix-
ture examination. The deviation of the curves
marked as CA, CA, and C,;A; from the base
curve (dotted line) shows a non-uniform distribu-
tion of the examined crystal phases in the sam-
ples.

Using the well-known formula for the inter-
ference line intensity estimation [3] as the quali-
tative evaluation of phase distribution hetero-
geneity in powder samples and varying the width,
h;, and the base height, by, of beam projection on
the surface of a sample, we obtain

Jhixp, = JoQaX;h;by, 3)
where J, is the density of incident energy at
the base height of the beam, Q is the reflectivity
of a sample volume unit, X; is the phase volume
fraction exposed to radiation.

When the width of X-ray beam varies from
h; to hj, the relative intensity of interference lines
can be expressed by the equation

Jnjxcbo/Inixb, = (Z—Ji)z i—}i, 4)
following from Equation (1). The ratio X/X;
equals unity if the considered phase is distributed
uniformly over the whole sample volume as it is
in the case described by the base curve in Fig. 4.

For the sample with non-uniform distribution
of the considered phase, the Equation (4) takes
the form of

AX;

2

Jnoxbolngn = (1) (1 +50), (5)
where X, is the average phase concentration in
homogeneous sample, and AX; is the deviation of
phase concentration from its average value in
heterogeneous sample.

For the given three phases in the examined
powder mixture, relative deviations of concentra-
tions from their average values have been calcu-
lated by Equation (5):

CA: 2= 028, CA,: 2= 0,075,

Xo Xo
CoAz: 2i=0.138.
Xo

Results of examination

of pore distribution heterogeneity

When producing powder articles with
the preset porosity, it is necessary most of all to
analyze pore distribution heterogeneity. To eva-
luate the magnitude of pore distribution hetero-
geneity in samples, pressed and sintered steel
powder cylinders containing up to 6.68 percent
of silicon were used. Original powders had dif-
ferent fraction compositions which were varied
by mixing the normal powder having 130-150 um
fractions with different quantities of dispersed
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Table 1
Porosity heterogeneity in powder samples containing Fe + 6.68 % Si
No Original powder fraction composition, % Integral 1r.1ten.suy,.p ulses P0r0s1t¥
Samples Beam projection size, mm heterogeneity,
130-150 um 10 and less pm 0.25%8 0.50x8 %
1 100 0 1649 5989 9.2
2 90 10 1721 6431 6.6
3 70 30 1769 6850 3.2
4 50 50 1817 6985 3.9
5 20 80 1841 7047 43
Cast Sample 3568 14274 0

phase additions having less than 10 um frac-
tions. Fraction compositions of the investigated
samples are given in Table 1. For comparison,
the cast base sample of the same chemical
composition was used. All the results concern-
ing the values of interference line integral in-
tensities and pore distribution heterogeneities
are also given in Table 1. Analysis of the pre-
sented results confirms that the pore distribu-
tion heterogeneity is decreasing from 9.2 to
3.2 percent when the content of fine-dispersed
fractions in the powder mixture increases from
0 to 30 percent.

Conclusions

1. New X-ray method has been developed to
define the heterogeneity of phases and structures
in crystal materials using interference maximum
integral intensities of different beam projections
on the surface of a sample.

2. New technique of diffractometric survey
of interference lines has been worked out al-
lowing to achieve the effective blending of tex-
ture heterogeneity in a sample and to define qua-
litative integral intensity values with high degree
of reliability and accuracy.

3. Mathematic relationships have been de-
rived to find relative differences between phase

concentrations in different sample volumes pro-
ceeding from X-radiography data.

4. New method is advantageous for the eva-
luation of distribution heterogeneities of pores
and phases in crystalline materials as well as for
the analysis of the effectiveness of blending for
multiphase powder mixtures.

5. No further improvement of the method is
necessary to design X-ray tubes with more uni-
form distribution of the X-radiation energy over
the projection area of the original beam.
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HOBbIX METO[ UCCNEQOBAHUA HEOOHOPOOHOCTU
KPUCTAJUTIMHMECKOIO MATEPUAIJIA

JI1.A. Bapkos, M.H. Camodypoea, E.B. 3kk, F0.C. JlamdynuHa
FOxHo-Ypanbckuli 2ocydapcmeeHHbil yHusepcumem, 2. HensbuHck

PazpaboTaH NMpUHIMINAIBHO HOBBIH METOJ HCCIIEI0BAaHHS (ha30BOH HEOIHOPOIHOCTH Ha OCHO-
BE IU(PPAKTOMETPUUECKOTO aHAJIN3a WHTErPajJbHOW WHTEHCHBHOCTH MHTEP()EPEHIIMOHHOTO MaKCH-
MyMa OTPa)XKEHHH PEHTI'€HOBCKOTO JIyda OT MUKPOOOBEMOB 00IydeHHOTO 00pa3na pa3InuHbIX pas-
MEpOB B KpHCTAJUIMYECKUX MaTepuanax. Kpome Toro, ObUTH MpOBEpEHB! SKCIEPHUMEHTAIBHO U TEO-
peTndeckr 000CHOBAaHBI HEKOTOPHIE KOJIMYECTBEHHBIE COOTHOIICHHUS, @ UMCHHO 3aBUCUMOCTh HHTE-
TpaJbHOM MHTEHCHBHOCTH PEHTICHOBCKON JIMHUU Ha CTPYKTYPY MAJAOLIEr0 H3JIyYeHHs, pa3Mmep
MPOEKITNH JTy4ya Ha MIOBEPXHOCTh 00paslia U APyTHe mapaMeTphl uccienoBanus. PazpaboTaHHblil 1u-
(pakToMeTpHUECKUI aHamu3 npoduied HHTEp(EPEHIIMOHHBIX JUHUN MO3BOJSACT AOCTHYL I dek-
TUBHOTO YCPETHEHHS B HEOJHOPOTHOCTSIX TEKCTYpBI, YTO MMEET BaKHOE 3HAUEHHE I BBICOKOU
TOYHOCTH, HAJEKHOTO OIpPEAETICHUs HHTErPajlbHOM WHTEHCHBHOCTH KOJIMYCCTBEHHBIX 3HAYCHUIL.
Ha ocHOBaHNM NpUBEAEHHBIX KOJMYECTBEHHBIX 3aBUCUMOCTEH, ObLIM yCTaHOBIICHBI HEOOXOJUMBIE CO-
OTHOIICHUS JUIS HAXOX/ICHUSI 3HAYECHHSI OTHOCHTEIBHBIX Pa3iIMuuii MeXKy KOHIEHTparusmu. HoBblit
CrIoco0 moJie3eH Npy aHanu3e (asoBoi HEOAHOPOIHOCTH M IIOPHCTOCTH KPUCTAJUIMYECKOTO MaTepHa-
Ja, a TaKoke IpH aHam3e 3(Q(PEeKTUBHOCTH CMEIIMBAHNS MHOTO()A3HBIX MOPOLIKOBBIX KOMITO3HIIHH.

Kniouegvie crosa: xkpucmannuueckuti mamepuan; HeOOHOPOOHOCMb, PePpaKmomempueckutl
AHATU3; PEHMEEHOBCKASL CHEKMPOCKONUSA, UHMESPANbHAS UHMEHCUBHOCb, NOPUCTHOCTIb.
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