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X-RAY DIFFRACTION STUDIES OF HIGH-PURITY IRON:
TOPOGRAPHY AND DOUBLE-CRYSTAL DIFFRACTION

By Noboru TsUKUDA* and Kazunori KITAJIMA™*

High-purity iron single crystals with low dislocation density were
prepared and examined by X-ray topography and X-ray double-crystal
diffraction. Transmission X-ray topographs showed isolated dislocations,
dislocations lying along subgrain boundaries and magnetic domain walls.

Single crystals of silicon and gadorinium gallium garnet (GGG) are also
examined with a single-crystal arrangement and a moderate-and a high-angle
double-crystal arrangement. For measurements of lattice parameter change
above liquid nitrogen temperature, a metal cryostat for X-ray diffraction
were made. Experimental results of the lattice parameter change and the
thermal expansion coefficient of iron are in good agreement with those of
other works.

1. Introduction

X-ray diffractin techniques has often been employed for investigations
of imperfections in solids. Such imperfections as self-interstitials, vacancies,
dislocations and impurities give rise to dilatation and distortion of the lattice,
which can be known by measurements of lattice parameter change and X-ray
diffuse scattering, respectively.

Studies on self-interstitials in metals have been developed in recent years
by many researchers. Knowledge of structures and annealing behaviour of
interstitials may evidence the dispution between the one-interstitial model
and the two-interstitial model.®  There has been a long lying question on
the interpretation of annealing stage I and III. The two-interstitial model
proposed by Seeger and his co-workers (Stuttgart group) is that stage I has
been resulted from migration of interstitial crowdions and free interstitials
just begin to migrate at stage III.  On the other hand, the one-interstitial
model proposed by Jiilich group is that free interstitials migrate at stage I
and stage III is caused by migration of vacancies. Detailed defect structures
has been investigated in very recent years by use of X-ray diffraction
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techniques mainly lattice parameter change and diffuse scattering. ®»®
Lattice parameter change da/a and diffuse scattering (Huang scattering)
1, caused by point defects and their clusters are represented as follows:

40/ a=—5-¢.TrPy|V.(¢,+20:) &
In=c.fi?|h-t(@) " @

where c¢; is the concentration of point defects, V, the atomic volume, %(c11

+2¢,,) the bulk modulus, Pi; the element of the elastic dipole tensor (double
force tensor), f the atomic scattering factor and #(g) the Fourier transform
of the displacement field. Pi;, which is analoguous to electric dipole tensor
in an electric field, and ¢(g) are in the relation:

£() =3 50T Gu() Pa, ®

where ¢,(r) is the asymptotic displacement, Gs;(r) the Green function.
When the defects have cubic symmetry in the crystal, Eq. (2) is rewritten .
by use of Eq. (3) for (h k 0) refiections with [1 0 0] and [1 1 0] directions.

Lu=c.fi () TrPyi3ve, @

while +® is a quantity depending on elastic constants and reciprocal lattice
vector k and q. The volume change by a point defect 4V, is directly calu-
culated as

AV or=Tr P/ (¢,,+2¢15). ®)

Both measurements of 4a/a and I, can determine ¢;,, 7rP;; and 4 V,,,. Recent
researchers determined for Cul®»0:, AI'®  Au and Mo'® and revealed
fundamental characteristics and thermal activation processes.

Intensity measurements of the Huang scattering, however, has to get over
various difficulties. Thermal diffuse scattering or Compton scattering obst-
ruct the Huang scattering above very low temperature.® Moreover, larger
dislocation density may broarden the rocking curve and may cover the Huang
scattering.  Goniometers and detectors for this purpose are also required
high angular resolution and accurate counting of the diffracted beam, res-
pectively. Lattice parameter change by radiation-induced defects in metals
is the order of 107°~107* which is corresponds the change of Bragg angle
of 107°~107% degree in arc. The graduation of usual diffractometers are 1072
degree in arc and are unsatisfactory for this measurements. In our present
experiments of iron, (8 0 0) reflection with Mo Kea, radiation were measured.
Relative lattice parameter change, da/a, of 1X107° corresponds 14 sec of arc
at room temperature. So that a high-precision goniometer (Kohzu-Seiki
KTG-11S) was utilized.
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X-RAY DIFFRACTION STUDIES OF IRON

2. Preperation of Samples

Original sample materials (Materials Research Corporation MARZ Grade)
were zone-refined in wet hydrogen (1 pass) and dry hydrogen (6 passes).
Further purification was performed by electron-beam floating zone melting
technique in vacuo (1.2x107°® mmHg). The residual resistance ratio (ez.r/
P..ox) of this purified material is about 2000.

The purified material (5 mm in diameter) was cross-rolled and cut to
square slices (10x10x0.4 mm). The secondary recrystallization method was
attempted to obtain single crystals. Stored energy introduced by cold-working
is released by high temperature annealing and is to the driving force of the
growth of recrystallized region (primary recrystallization). Some of these
recrystallized regions containing low density of dislocations and being stress-
free begin to start further growth of recrystallized region (secondary recry-
stallization). The driving force of this recrystallization is the surface energy
of grain boundaries. Sliced materials were annealed at 880°C in wet hydro-
gen for 14 hours, then gradually cooled at rate of 100°C/h. Further anneal-
ing at 650°C in dry hydrogen was performed for 12 hours. The surfaces of
the single crystals (dimension 30~100 mm?*) are parallel to (1 0 0) plane.

3. Topography

Topography are advantageous for following investigations: three-dimen-
sional arrangement of low-angle boundaries and dislocations; determination
of the Burgers vector; ferromagnetic domain structures. It seems to be
rather small number of X-ray transmission topographic studies on pure
iron'”»'®, It may be caused by the difficulties of preperation of large single
crystals containing low-density dislocations. Dislocation density of 107¢/cm?
or less is required for transmission topographs. Higher purity realizes lower
density of dislocations'®. Ferromagnetism also complicates the topographic
study of iron. Above mentioned defects bring on displacement field which
causes the contrast of topographs. Dynamical theory of X-ray diffraction
for slightly distorted crystals explains the contrast?®,?9,

A function f(x, z), presenting effects of distortions is described as

f(x, 2) =7v(56;—— cz%)(y-u) (6)

where g is the reciprocal lattice vector of the diffraction and u(r) the
displacement vector at position r. The first term in the light hand side
represents the geometrical bending effect of the lattice, while the second
term the differential of the change of the lattice spacing. The sign of f(x,
z) characterizes the contrast around the distortions for each condition of
absorption effects as follows:

85


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


-86

N. TSUKUDA and K. KITAJIMA

2ot f contrast
<1 =0 black
2~3 >0 black
<0 white
>10 =0 white,

where u, and ¢ are the mass absorption coefficient and the thickness of the
crystal, respectively. Because of the rather large region of 4., more com-
plicated contrasts in the topographs were observed. Fig. 1 shows a
schematic drawing of the dittraction geometry of our experiment. As for
their ferromagnetisn, internal 90° Bloch walls also give rise to a variety of
the X-ray diffraction contrasts which under certain conditions are comparable
in strength with those from the dislocations?®, 180° walls, however, produce
no diffraction contrast.

Incident X-ray

Crystal rﬁ 010

100
Diffracted X-ray (Surface of the crystal)

Dark Bright

Fig. 1. Schmatic drawing of the diffraction geometry of the transmission
topographs. Dark, Borrmann topograph: Bright, Lang topograph.

Specimens for the topographic studies were prepared from a single crys
tal of iron, detailed at the preceding section, by chemical thinning and
further annealing. A single crystal about 15 mm? in area and 0.4 mm thick
were thinned to 0.1~0.2 mm in a solution of 95cc H,0,+5cc HF. For
removement of the strain which may be introduced by handling or thinning,
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X-RAY DIFFRACTION STUDIES OF IRON

further annealing was performed in wet hydrogen atmosphere for 6 hours then
gradually cooled.

Transmission topographs were obtained for some reflections; (0 2 0),
(011), (110)and (11 0). Mo K« radiation was used on the condition
55 KV and 8 mA. Because of large absorption effect (x#f=3~5), rather large
exposure time was needed (about 10 hours). Ilford nuclear emulsions were
used for X-ray recordings.

The absorption effect for (1 1 0) and (1 I 0) reflections are larger than
that of (0 2 0) and (0 1 1) reflections. Fig. 2(a) shows a topograph of
(0 2 0) reflection, in which the Bloch walls (straight lines along 0 1 1 and

[0o1]
011]

[010]
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0 1 T directions), and dislocations are observed. The contrast of the disloca-
tions is conspicious at the Bloch walls and is somewhat a black and white
image. Rather larger density of dislocations is observed at underside of
Fig. 2(a). Fig. 2(b) shows a (0 1 1) topograph of the crystal rotated 45°
around [1 0 0]. The contrast of the Bloch walls along [0 1 1] becomes to
vanish because of the invissible condition g-(m,—m,)=0, where m, and m,
are the vectors parallel to the easy directions of magnetization on the both
sides of the walls. An array of dislocations is observed along the subgrain
boundary, which is also confirmed with an observation of etch-pit. Fig.2(c)
shows a (1 1 0) topograph. A reverse contrast of upper-and lower-side is

po1

111]

(19

— g:110

—
0.5mm

Fig. 2(d) Topograph of 110 reflection. g=110
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observed. These complicated images are the consequence of large xf, as
mentioned above. Fig. 2(d) shows a (1 I 0) topograph. The contrast of
upper-side reverses with that of (1 1 0) topograph. Dislocations in this
topograph are clear white lines. This is the particular to the Borrmann
topographs.

4. Double-Crystal diffraction

4.1 Setup for X-ray measurements

~ Lattice parameter measurements by X-ray diffraction have long been
practiced. The relative error da/a is estimated from differential form of the
Bragg low 2dsinf=2::

d/d=AdA]A—cotf40 )

The natural width of the characteristic radiation spectra 44/ are the order
of 107*.  The Precision with the single-crystal or dispersive double-crystal
diffraction arrangements may be therefore, less than the order of 107°
Wavelength-dispersion, however, can be eliminated with a parallel double-
crystal diffraction arrangement. The second term in the right-hand side of
Eq. (7) is the spread or change of the diffracted X-ray, and is superposed

S

1073 rad
NP
Fig. 3(a) Schematic drawing of single-crystal diffraction arrangement.

M X

10" rad

VAN P

Fig. 3(b) Dispersive double-crystal diffraction arrangement.
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M X

/\165 rad

Fig. 3(c) non-dispersive (parallel) double-crystal diffraction arrangement.

with some causes, i.e. the geometrical divergence of the incident and the
diffracted X-ray and originated from measureing system:. Figs. 3(a), 3(b)
and 3(c) show the single-crystal, dispersive double-crystal and parallel
double-crystal diffraction arrangements, respectively.

Lattice parameter measurements with high-angle double-crystal diffraction
technique have well been practiced by A. Okazaki and his co-workers?®»?%,
The advantage of this technique is mentioned below: (i) high-sensitivity of
0, and (ii) high-accuracy of . When a lattice parameter change is identical,
the larger Bragg angle (smaller value of cotf) brings larger change of 6.

In the first place, we have examined geometrical conditions such as
incident slits. The contribution of the vertical divergence of incident X-ray

to the width of the rocking curve is estimated as %tpztanﬂ, where ¢ is the

spread of X-ray along vertical direction and tand is 6.9 for (8 0 0) reflection
with Mo K. The vertical divergence with a slit being 10 mm in vertical
length is sufficiently small than that of horizontal direction.

Next, by single-crystal diffraction arrangement, iron, silicon (disloca-
tion free) and GGG are examined as the nature of the monochromator crys-
tals. Table 1 shows larger FWHM (Full-Width at Half-Maxmum) and the
intensity of the iron than that of GGG. It seems to larger area of the iron
crystal. The dependence of FWHM of reflecting curve on resolution
parameter tanf/tanf, is discussed by Willis that the reflecting curve is a
minimum in the region of 6=460,, where 0, is Bragg angle of a monochro-
mator crystal.

Table 1.
Specimen Reflection Bragg Angle (deg) FWHM (sec)
Iron (MRC) 200 28. 65 50
800 81.77 350
Silicon 111 6. 50 50
444 26. 90 100
GGG 20 20 20 82.81 250
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Balance

] |

W

S|
e

L

Ball Bearing

— Spring

- Lig. N,
- - o /SUS
— =
// I Scintillation Counter
/ 19l N
Pb #\
I —
I
| Goniometer

Fig. 4 Liguid nitrogen cryostat for X-ray diffraction. The goniometer

is rotated by a pulse-motor.
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The goniometer for the monochromator crystal was made in our labora-
tory. A motion of the micrometer with 1/100 mm corresponds to the rotation
of the monochromator crystal with 10 sec of arc. The precision of the
goniometer is sufficient for the present measurement. For specimen crystal,
a high precisoin goniometer is made to use. The angular precision is 0.1
sec of arc and the crystal can be rotated within 7 degree of arc.

4.2 Cryostat for X-ray diffraction

By use of a metal cryostat, lattice parameter measurements on iron
single crystals between 77 K and 300 K were performed. A specimen can
be mounted without temperature increasing above 77 K and without breaking
vacume of the cryostat. These specialities are indispensable for the measure-
ments of irradiated specimens®®. The weight of this cryostat is about 13 kg
with liqurd nitrogen. So, it is too heavy for mounting on the goniometer,

that we hung it with a balance. A shematical drawing of the cryostat is
shown in Fig. 4. Capacity and evaporation rate of liquid nitrogen are
4000 cc and 150 cc/h, respectively. Then, no further transfer is needed

during usual measurements. The specimen chamber made of copper blocks
is coated by Aluminum thin films and its window is made from 0.05 mm
thick Mylor films also coated with evaporated Aluminum. A specimen
holder equipped with a heating device is shown in Fig. 5. The holder (70 cm
in length) is inserted to the specimen chamber through stainless steel guide
tube and fixed with tapered part. The heating device, back to back with a
specimen, isof 0. 1 mm¢ manganin wires (120 £). Liquid nitrogen in the speci-

Lead Wire

Tapered Cu Block

Specimen

Heater

Thermo Couple

Fig. 5 Specimen holder and heating device.


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


X-RAY DIFFRACTION STUDIES OF IRON

men chamber is evaporated out by heating and measurements are carried
out in the nitrogen gas atmosphere. Temperature of a monochromator, as
well as a specimen crystal, is in need of controlling. Two kinds of controll-
ing equipments are in use. One is PID SCR controller for monochromator
and the other is a controller in which a light-coupled transistor (TLP 503)
is incorporated in the amplifier circuit?®.

The temperature of the monochromator crystal is kept 300+0.02 K
during measurements, while that of the specimen crystal is controlled at any
temperature whthin +0.1 K above 82 K.

4.3 TUse in Double-Crystal Diffraction

Single crystals of iron and silicon were examined with various double-
crystal diffraction arrangements. The FWHM and the intensities are listed
in Table 2. The letters denote the kinds of these arrangements; H: high

Table 2.
Specimen Reflection Arrangement FWHM (sec)

Iron

(MRC) 200 M, D 170

200 MP 16

800 HP 70

(Electl) 800 HP 600

Silicon 444 M, D 100

444 MP 14

angle, M: moderate angle, D: wavelength-dispersive (+, +), P:parallel (+,
-). Molybdenum K radiation was used on the condition 55 kV and 160
mA. The FWHM of a dispersive arrangement is 10 times larger than that
of parallel arrangement for both cases (angular ranges and materials).
Larger values of the FWHM of rocking curves of high-angle diffraction is
understood from Eq. (7) by
Aﬁ=(%l——"7d)tano. ®)

Eq. (8) shows the tangent dependence of the FWHM on the scattering angle.
The FWHM of MRC iron is as same as that of silicon but that of electrithic
iron. This means that single crystals of MRC iron are with high-perfection
(low dislocation density), while that of electrithic iron are consist of mosaic
crystals. Change of the Bragg angle of 4 sec of arc can be detected for a
(8 0 0) reflection and is corresponds 2X107° of 4a/a.

Relative lattice-parameter change and thethermal expansion coefficient
of iron are shown in Fig. 7. They are in good agreement with those of
other works®”.
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Fig. 6. Rocking curve of 200 reflection of high-purity iron.
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Fig. 7. Relative lattice parameter change (O) and thermal expansion
coefficient ((]) of iron.
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5. Discussion

Investigation of interstitials in metals can be performed with realization
of the conditions below: i) low temperature irradiation ii) preperation of
single crystals with high-purity and low dislocation density iii) cryostat for
X-ray diffraction iv) precise measurements.

i) The irradiation were performed by use of linear accelerator
(LINAC) at Kyoto University reactor laboratory (KUR). Specimens were
irradiated in the stream of liquid nitrogen. Details of the irradiation experi-
ment are reported elsewhere?®.

ii)As described in section 2, it is not so easy to prepare single crystals
of high-purity iron with low dislocation density. This may be one of the
reason why not so large investigations of interstitials in iron by X-ray dif-
fraction technique have been performed.

iii) A cryostat for the investigation of interstitials in metals is parti-
cular. That is, specimens has to be transfered and mounted on the cryostat
without temperature increasing, which let the interstitials begin to migrate.

iv) The measurements of lattice parameters on irradiated metals have
been performed mainly by two methods. One is the rotating single-crystal
back reflection technique with monochromatic radiation (fine-focus tube)?®.
The resolution of da/a is 6.5x107°%. and is limited by the dispersed profiles
of single spectral lines. The other technique, is employed by Larson®*?, is
by mutiple Bragg reflection geometry. This technique was first succeeded
by Hart®>. In this case, changes of Bragg angle are measured in a non-
dispersive double-crystal arrangement. This method, however, is not com-
mon, because two X-ray source or a monolithic monochromator crystal
(same substance with the specimen). are required.

Non-dispersive high-angle double-crystal diffraction can be easily used
similar to a common single-crystal diffraction. Precision of da/a depends
only the intrinsic profile of the crystal and is 2x107® for our experiment.
This is sufficient for present study. This technique can widely be used for
other studies.
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