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1 Introduction

As a result of improvements in the resolution of the
solid state detector (SSD) in recent years, the energy-
dispersive X-ray diffraction (EDXRD), which is com-
bined with the multichannel pulse-height analyzer
(MCA), has been widely used. The EDXRD system
without performing an angle scan of the sample and
detector as in the conventional angle-dispersive X-ray
diffraction (ADXRI), can obtain plural diffraction pat-
terns simultaneously by simply fixing the goniometer at
an arbitrary reflection geometry (#/26—angles between
incident beams and samples/diffraction angles).” Since
fluorescent X-rays are also excited from samples, an ele-
ment analysis is also possible.

This paper introduces the automatic inverse pole
figure measuring system?”, recently developed with the
aim of easily and quickly obtaining the textures of steel
materials,” and further describes various other functions
of this system such as the depth profile and the evalua-
tion as F-value of the texture of cold rolled stee] sheets
and also the texture measurement at a certain depth
and the thickness measurement of the plated layer of a
coated steel sheet using fluorescent X-rays, which are
simultaneously excited.”

* Originally published in Kawasaki Steel Giho, 20(1988)1,
pp. 42-47
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Synopsis:

Energy dispersive X-ray diffraction (EDXRD) has been
performed by measurement of diffracted white A-rays with
the aid of a solid state detector (SSD) connected to a mul-
tichannel pulse-height analyzer (MCA). In this method,
the fluorescent X-ray spectrum and several Bragg reflec-
tions can be recorded simultaneousiy.

The newly developed measurement system has been
applied to (1) a swift and automatic texture analysis in
steel specimens and (2) depth profile measurement of
reflection intensities of cold and hot rolled steels and
study on coated steel surface.

2 Measurement Principles and Configuration

2.1 Energy-Dispersive X-Ray Diffraction

From Bragg’s condition X-ray energy (£) can be
expressed as

E__fc _ 6199
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where 8 is an incident angle to the surface of the
sample.

In the present method, intensities of diffracted planes
(hk!) within the range of the energy detector can be
simultaneously obtained without angle-scanning of the
goniometer as in the case of the conventional angle-
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Fig. 1 Principle of the energy-dispersive X-ray dif-
fraction method
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Fig. 2 Schematic representation of the energy-dispersive X-ray diffraction system

dispersive X-ray diffraction. The schematic diagram of
this is shown in Fig. 1.

2.2 Configuration of Measuring System

The block diagram of the recently developed auto-
matic inverse pole figure measurement system by ener-
gy-dispersive X-ray diffraction is shown in Fig. 2. This
system consists of a 2kW X-ray tube (Cr target), auto-
sample-changer, rotary sample stand, Ge-solid state
detector (Ge-SSD), goniometer, multichannel pulse-
height analyzer (MCA, 4096 ch.), personal computer
and accessory printer and X-Y plotter.

3 Examination of Present System

3.1 Diffraction Pattern of a-Fe

Diffraction pattern of a randomly oriented sample (a-
Fe) measured by Cr white X-rays for 5 min at 26 = 30°
is shown in Fig. 3. Peaks at the left end are Cr Ka from
the X-ray tube, and Fe Ka and Kf from the sample.
The peak intensity/background ratio of (211) which is
the most intense among the 10 diffraction patterns of
a-Fe low-index planes is 34, and that of (222) is 4. Rela-
tive intensities of (200), (211) and (222} planes to the
strongest peak of (110) plane are 58, 181 and 21 respec-
tively. On the other hand, those by the conventional
diffraction method using characteristic X-ray (Mo Ka)
are 16, 33, and about 3 for (200), (211) and (222),
thereby indicating that relative intensity ratio have sig-
nificantly improved. The reason for this is the effect of
the intensity distribution from 20 keV to 40 keV of the
white X-rays used.

3.2 Comparison between EDXRD

ND axis densities of 3-time repetitive measurements
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Fig. 3 Diffraction spectrum of a randomly oriented
steel sheet

of the main diffraction planes of five kinds of cold rolled
steel sheets by the conventional ADXRD system and
the present EDXRD system are shown in Fig. 4. The
dispersion came in the range of 6 to 9% with the corre-
lation coefficients of 0.975 to 0.992, thereby indicating a
good agreement with values obtained by the conven-
tional system.

3.3 Preparation of Inverse Pole Figure

Since the quality of several steel products such as
deep drawable steel sheets and electrical steel sheets can
be improved by controlling their texture, there have
been many studies made on texture formation. For
deep-drawing-quality steel sheet ND//{hk{) (pole den-
sity of the lattice plane} of main diffraction peaks are
usually obtained. Therefore, the inverse pole figures are
not necessarily demanded for all the samples measured
by the present system. In the present system, it is so
arranged that inverse pole figures are arbitrarily execut-
ed by batch processing as shown in Fig. 5.
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34 Penetration Depth of X-Rays

The effective penetration depth of X-rays can be cal-
culated by Eq. (2).”

m(l
1 _

Intensity ratic of thin film to sufficiently
thick sample
Linear absorption coefficient of the material
for X-rays
t: Penetration depth of X-rays

The difference in the X-ray penetration depth (Gx=
0.99) of «-Fe between the conventional ADXRD
method using Mo Ka and the present EDXRD is
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Table 1 Effective penetration depths in iron by two
methods

Gx=0.99 ADXRD EDXRD 26=30°

(hkD) 20(deg.)  t{um) (A ¢(pm)
110 20.2 13 1.052 7
200 28.6 20 0.743 19
211 35.4 24 0.607 33
220 41.0 27 0.526 49
310 46.2 30 . 0.469 67
222 50.8 32 0.429 83
321 55.3 36 0.397 109
400 59.4 38 0.360 138
411, 330 63.4 40 0.348 152

shown in Table 1. In the ADXRD method, X-ray pene-
tration depth is 13 and 40 um for crystal planes (110)
and (411) respectively. Whereas in the EDXRD
method, it is 7 4m and 152 um for crystal planes (110)
and (411) respectively, since the values of E(1) are dif-
ferent which contributes to the respective diffration
planes, thus indicating very great crystal plane depend-
ence. Therefore, with EDXRD method, it is possible to
freely control the X-ray penetration depth within the
energy range of white X-ray by changing the diffraction
geometry (8/268).
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4 Measurement of Texture of Deep Drawing
Quality Steel Sheets

4,1 Textare Dependence of r-Valune

Cold rolled steel sheets are now being used in large
quantities as base sheets of various coated steel sheets
for automobiles and home electric appliances. Their
deep drawability improves as their Lankford value (r-
value) becomes larger.® Their formability is closely
related to crystallographic orientation, and it is consid-
ered that {111} (uvw) orientation is a great advantage
for deep drawability, conversely the orientations with
(100) and (110) plane are not. Matsudo, et al. have pro-
posed that /~value has a linear correlation to intensity
ratio with (222) and (200).” Figure 6 shows the relation
with intensity ratio, (222)/(200), and 7-value measured
by the present system. The F-value can be simply esti-
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Fig, 6 Texture dependence of

F-value of the cold
rolled steel sheet .

mated from the value (222)/(200) with the aid of Fig. 6.
For instance, if measured values (222)/(200) are 70.0,
the estimated 7-value will come to be 2.4, and thus
there is no need for conducting the tensile test. In this
way, the present system can be effectively used as an
evaluation technique for index preparation during the
development stage, and also for quality control of test
materials and production line materials.

4.2 Measnrement of Depth Profile of Texture

Texture of hot rolled steel sheet has an important
effect upon that of successively cold rolled steel sheet,
In general, the hot rolled steel develops conspicuous
texture changes from the surface to the center of the
sheet. At the surface layer, (110) orientation is strong
and other (200), (211) and (222) orientations are weak.
At the central layer, the reverse trend is predominant,
and {110} fiber texture is developed. On the measure-
ment of the depth profile of the texture in a hot rolled
sheet, the conventional ADXRD method demands
sequential grinding from the surface, because of impos-
sibility of controlling the penetration depth of incident
X-rays, whereas in the present system, the penetration
depth of X-rays can be arbitrarily changed by changing
the diffraction geometry (#/26). As an example, the
depth profile of the texture of a cold rolled steel sheet is
shown in Fig. 7. As can be clearly seen from the figure,
the relative intensities from various diffraction planes
are almost constant, even if the penetration depth is
changed.

Figure 8 shows the depth profile of the texture near
the surface of a rolled steel sheet by changing the X-ray
penetration depth in the present system. At a depth of
about 10 #m from the steel surface, an accumulation of
(110) orientation is observed, but (200) orientation con-
versely tends to gradually increase towards the central
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Fig. 7 {hki}//ND reflection intensities of a cold rolled sheet at various diffraction angles
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Fig. 8 Depth profiles of {hk!}//ND reflection inten-
sities in a hot-rolled steel sheet

layer. Such accumulation of (110) is influenced by the
hot rolling conditions and component of the material.

5 Texture of Hot-Dip Galvanized Steel Sheet

5.1 Thickness Measurement of Zn Plating Layer

It was described previously that in the present sys-
tem, not only diffracted X-rays but also fluorescent X-
rays can simultaneously be detected. X-ray diffraction
patterns of a hot-dip galvanized steel sheet and fluores-
cent X-ray spectra of Zn Ka and Kf are shown in
Fig. 9. For the measurement of the thickness of the Zn
plating layer Zn Ko (8.63 keV) was used and the cali-
bration curve shown in Fig. 10 was made, where hori-
zontal coordinates show the thickness of the Zn plating
layers determined by the cross sectional micrograph of
several kinds of Zn plating thicknesses. This result of
the thickness measurements can be effectively used also
for texture measurement at a fixed penetration depth of
a Zn plating layer as follows.
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Fig. @ Fluorescent X-ray spectrum and diffraction
pattern of Zn by EDXRD
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Fig. 10 Intensities of fluorescent X-ray of ZnKea in
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dip galvanized steel sheet

5.2 Texture Measurement at Fixed Penetration Depth of
Zn Plating Layer

Hot-dip Zn plating changes its spangles depending
upon the production conditions, and consequently
changes its corrosion resistance and glossiness. In gen-
eral the texture of the Zn plating layer has an effect
upon the spangles. The error depending on the crystal
plane can be removed by the following EDXRD
method with fixed penetration depth. This method
adopts the condition of diffraction geometry shown in
Table 2, which is calculated from Eqs. (1) and (2), after
the plating thickness is calculated from Fig. 10. As can
be clearly seen from the table, it is necessary to set
8/26 at a higher angle, because lower energy is used as
the plating layer becomes thinner, and to set /26 at a
lower angle as the plating layer becomes thicker. As an
example, Fig. 11 shows the result of measurements
made without compensation for penetration depth and
with fixed penetration depths which are set up for three
kinds of Zn plating thickness differences. The vertical
coordinates show the relative intensity of the diffracted
X-rays to the Zn powder specimen. The 6/28 fixed
measurement at a plating thickness of 6.8 um showed
about a 33% to 15% smaller relative intensity at (102) to
(002) than the thickness-compensated measurement.
This suggests that although higher energy is contribut-
ing to diffraction at the higher index crystal plane on
the #/28 fixed measurement, no significant intensity is
obtained, because the plating layer is thinner than the
penetration depth. At the plating thickness of 10.2 um,
no conspicucus difference is observed. At 17.5um, a
difference is observed between (002) and {(102), but
there is no difference between (100) and (101). In the
case of 826 fixed measurement, it is supposed that
because the plating is so thick, the X-rays have not

KAWASAKI STEEL TECHNICAL REPORT



Table 2 X-ray energy values and diffraction angles
calculated from individual penetration depth
of principal lattice planes of Zn

P Mie TP Energy  Diffraction

(zm) (hkl) (d) (E) (29)
(002) 2.47 13.0 22.2

5 (100} 2,81 12.2 25.5
(101) 2.09 11.6 29 6

(102) 1.68 10.0 43.2

(002) 2.47 19.0 15.2

10 £100) 2.31 18.5 16.7
{101} 2.09 17.0 20.1

(102} 1.68 15.4 27.7

£002) 2.47 23.8 12.1

15 100 2.31 22.8 13.6
1101) 2.09 21.7 15.7

(102) 1.68 19.4 21.9

(002) 2.47 28.2 10.2

20 (100} 2.31 26.8 11.5
(101} 2.09 25.8 13.2

(102) 1.68 23.0 18.4

sufficiently penetrated, There is also a possibility that
(002) orientation is located near the surface of the
sheet, and this matter requires further examination in
the future.

6 Conclusions

Through the adoption of the energy-dispersive X-ray
diffraction (EDXRD) method which takes the place of
the conventional angle-dispersive X-ray diffraction
(ADXRD} method, an automatic inverse pole figure
measurement system has been developed which permits
quick, bulk processing, and the following results have
been obtained: .

(1) For deep drawing quality steel sheet, the relation
between the production conditions and texture has
been clarified.

{2) The measurement of the depth profile of the tex-
ture has been established without the need to grind
the sample.

(3) Further, through the use of fluorescent X-rays
which are excited by the sample, the measurement
of the plating thickness of hot-dip galvanized steel
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measured by EDXRD in hot-dip galvanized
steel sheets (O fixed penetration depth meas-
urements, ® fixed scattering angle measure-
ments)

sheet has been made possible, and texture measure-
ments at fixed X-ray penetration depths correspond-
ing to the plating thickness have also been made
possible.

Finally, the authors would like to mention that the
EDXRD system has been jointly developed with Rigaku
Corp., and they are deeply indebted to that company’s
staff for their assistance and cooperation.
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