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(54) RESIDUAL STRESS MEASURING METHOD

(57) The present invention is a method for measuring
a residual stress in a cast and forged steel product, the
method using X-rays, including: irradiating a cast and
forged steel product with X-rays; two-dimensionally de-
tecting intensities of diffracted X-rays originating from the
X-rays; and calculating a residual stress based on a dif-
fraction ring formed by an intensity distribution of the dif-
fracted X-rays detected in the detecting, wherein, when
the residual stress is measured for each of a plurality of
measurement positions of the cast and forged steel prod-
uct, the residual stress for each of the measurement po-
sitions is calculated in the calculating based on the dif-
fraction ring for each of the measurement positions and
an X-ray elastic constant which varies for each of the
measurement positions.
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Description

[TECHNICAL FIELD]

[0001] The present invention relates to a method for measuring a residual stress.

[BACKGROUND ART]

[0002] Recently, a residual stress measurement technique using X-rays has been widely applied. In this technique,
a lattice distortion occurring inside a specimen having a crystalline structure is measured using X-rays, and the meas-
urement result is converted into a residual stress.
[0003] As a method for measuring a residual stress using X-rays, a cos α method is known. In the cos α method, a
specimen is irradiated with X-rays at a specific irradiation angle, intensities of diffracted X-rays generated by reflection
of the X-rays by the specimen are two-dimensionally detected, and a residual stress is calculated based on a diffraction
ring formed by an intensity distribution of the diffracted X-rays which have been detected. For example, in Patent
Document 1, a specific calculation procedure of a residual stress by the cos α method is described.
[0004] In an X-ray diffraction system disclosed in Patent Document 1, an X-ray diffraction apparatus is stopped at an
arbitrary measurement portion on a rail to perform irradiation with X-rays, diffracted X-rays are detected by an imaging
plate, and a residual stress is evaluated based on a diffraction ring formed by the diffracted X-rays (Paragraph [0025]).
The X-ray diffraction system in Patent Document 1 can monitor degradation over time of each part of the rail by accu-
mulating measurement data at each measurement point on the rail while moving a vehicle equipped with the X-ray
diffraction apparatus and by evaluating an average value of the measurement data at each measurement point (Para-
graphs [0057] and [0059]).
[0005] Incidentally, a cast and forged steel product may internally have a locally uneven distribution of chemical
components depending on production conditions such as a kind of an element contained therein, a concentration of an
element contained therein, a cooling rate in solidification of molten steel, and the like. In this case, the cast and forged
steel product tends not to be completely uniform in structure and hardness, and a residual stress occurring inside the
cast and forged steel product also tends to vary locally. This tendency is particularly significant in a large cast and forged
steel product.
[0006] In the case of performing an X-ray residual stress measurement using a cast and forged steel product as a
specimen, when a non-uniform portion in the cast and forged steel product is selected as a measurement position, a
measurement result of the residual stress may include a large error. Hence, there is a demand for a method for measuring
a residual stress, which can properly evaluate a residual stress for each measurement position of a cast and forged
steel product.

[PRIOR ART DOCUMENTS]

[PATENT DOCUMENTS]

[0007] Patent Document 1: Japanese Unexamined Patent Application Publication No. 2005-241308

[SUMMARY OF THE INVENTION]

[PROBLEMS TO BE SOLVED BY THE INVENTION]

[0008] The present invention was made in view of the foregoing circumstances, and an object of the present invention
is to provide a method for measuring a residual stress which can properly evaluate a residual stress for each measurement
position of a cast and forged steel product.

[MEANS FOR SOLVING THE PROBLEMS]

[0009] The invention made to solve the aforementioned problems is a method for measuring a residual stress in a
cast and forged steel product, the method using X-rays, including: irradiating a cast and forged steel product with X-
rays; two-dimensionally detecting intensities of diffracted X-rays originating from the X-rays; and calculating a residual
stress based on a diffraction ring formed by an intensity distribution of the diffracted X-rays detected in the detecting,
wherein, when the residual stress is measured for each of a plurality of measurement positions of the cast and forged
steel product, the residual stress for each of the measurement positions is calculated in the calculating based on the
diffraction ring for each of the measurement positions and an X-ray elastic constant which varies for each of the meas-
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urement positions.
[0010] For calculation of a residual stress in a residual stress measurement using X-rays, an X-ray elastic constant
and a diffraction ring formed by an intensity distribution of diffracted X-rays are used. In a general method for measuring
a residual stress by use of X-rays, a residual stress is calculated using one standard X-ray elastic constant corresponding
to a material of a specimen. However, since the X-ray elastic constant is determined by a chemical component, an
internal structure, hardness, and/or the like of the specimen, an X-ray elastic constant of a non-uniform portion in the
cast and forged steel product is different from the standard X-ray elastic constant of the cast and forged steel product.
Therefore, the general method for measuring a residual stress by use of the X-rays cannot properly evaluate a residual
stress occurring in the non-uniform portion in the cast and forged steel product. Meanwhile, in the method for measuring
a residual stress of the present invention, the residual stress is calculated using the X-ray elastic constant which varies
for each of the measurement positions of the cast and forged steel product, whereby a proper X-ray elastic constant
can be selected in accordance with the chemical component, the internal structure, the hardness, and/or the like for
each of the measurement positions of the cast and forged steel product. Thus, the method for measuring a residual
stress of the present invention can properly evaluate the residual stress for each of the measurement positions of the
cast and forged steel product.
[0011] The X-ray elastic constant which varies for each of the measurement positions is preferably determined based
on at least one of: a half width of the diffracted X-rays originating from the X-rays, a chemical component of the cast
and forged steel product, or a hardness of the cast and forged steel product. Thus, the method for measuring a residual
stress of the present invention can calculate a residual stress by use of an appropriate X-ray elastic constant for each
of the measurement positions of the cast and forged steel product.
[0012] The measurement positions are preferably arranged at intervals that fall within five times an irradiation diameter
of the X-rays. When the measurement positions are widely separated from one another, the chemical component, the
internal structure, the hardness, and/or the like may largely vary between the measurement positions. In the method for
measuring a residual stress of the present invention, the measurement positions are arranged at the above intervals,
whereby an appropriate X-ray elastic constant can be selected in accordance with a change in the chemical component,
the internal structure, the hardness, and/or the like for each of the measurement positions.

[EFFECTS OF THE INVENTION]

[0013] The method for measuring a residual stress of the present invention can properly evaluate a residual stress
for each measurement position of a cast and forged steel product.

[BRIEF DESCRIPTION OF THE DRAWINGS]

[0014]

Fig. 1 is a flow chart showing a method for measuring a residual stress of a first embodiment of the present invention.
Fig. 2 is a flow chart showing details of a testing step in Fig. 1.
Fig. 3 is a flow chart showing part of a method for measuring a residual stress of a second embodiment of the
present invention.
Fig. 4 is a flow chart showing details of a testing step in Fig. 3.
Fig. 5 is a graph showing a relation between a conventional stress and an X-ray stress measured using a test
specimen with much segregation.
Fig. 6 is a graph showing a relation between a conventional stress and an X-ray stress measured using a test
specimen with little segregation.
Fig. 7 is a graph showing a relation between a half width of diffracted X-rays and a correction factor used for correction
of an X-ray elastic constant.
Fig. 8 is a graph showing a relation between a carbon equivalent of a cast and forged steel product and a correction
factor used for correction of an X-ray elastic constant.
Fig. 9 is a graph showing a relation between a Vickers hardness of a cast and forged steel product and a correction
factor used for correction of an X-ray elastic constant.

[DESCRIPTION OF EMBODIMENTS]

[0015] Hereinafter, embodiments of the method for measuring a residual stress of the present invention will be described
in detail with reference to the drawings.



EP 3 748 345 A1

4

5

10

15

20

25

30

35

40

45

50

55

First Embodiment

[0016] A method for measuring a residual stress shown in Fig. 1 is a method for measuring a residual stress in a cast
and forged steel product, the method using X-rays, including: irradiating a cast and forged steel product with X-rays (an
irradiating step); two-dimensionally detecting intensities of diffracted X-rays originating from the X-rays (a detecting step);
and calculating a residual stress based on a diffraction ring formed by an intensity distribution of the diffracted X-rays
detected in the detecting step (a calculating step). In the method for measuring a residual stress, when the residual
stress is measured for each of a plurality of measurement positions of the cast and forged steel product, the residual
stress for each of the measurement positions is calculated in the calculating step based on the diffraction ring for each
of the measurement positions and an X-ray elastic constant which varies for each of the measurement positions. Fur-
thermore, the method for measuring a residual stress further includes, after the detecting step, recording the intensities
of the diffracted X-rays detected in the detecting step (a recording step) and, before the calculating step, obtaining
correction conditions for correcting the X-ray elastic constant for each of the measurement positions (a testing step).
[0017] In the method for measuring a residual stress, an X-ray irradiation apparatus and an X-ray stress measurement
apparatus including a two-dimensional detector are used. In the method for measuring a residual stress, an irradiation
position at which the cast and forged steel product is irradiated with the X-rays is changed each time the cast and forged
steel product is irradiated with the X-rays. Then, in the method for measuring a residual stress, the residual stress for
each irradiation position is calculated based on the diffraction ring for each irradiation position and the X-ray elastic
constant which varies for each irradiation position. In other words, in the method for measuring a residual stress, the
diffraction ring is obtained for each of the plurality of the measurement positions of the cast and forged steel product,
and the residual stress is calculated using the X-ray elastic constant which varies for each of the measurement positions.

Irradiating Step

[0018] The irradiating step is a step of irradiating the cast and forged steel product with the X-rays from the X-ray
irradiation apparatus. In the irradiating step, the cast and forged steel product is irradiated with the X-rays without
changing the irradiation position when performing irradiation with the X-rays a first time. Furthermore, in the irradiating
step, the irradiation position of the X-rays is changed each time before performing irradiation with the X-rays a second
time and thereafter. An amount of change in the irradiation position of the X-rays, which is performed for each irradiation
with the X-rays, preferably corresponds to, for example, a distance that falls within five times an irradiation diameter of
the X-rays. In other words, the measurement positions are preferably arranged at intervals that fall within five times the
irradiation diameter of the X-rays.
[0019] It is to be noted that in a case in which there is little variation in the residual stress occurring inside the cast
and forged steel product in a wide area, the measurement positions may be arranged at intervals that are greater than
five times the irradiation diameter of the X-rays, for example, at intervals that fall within ten times the irradiation diameter
of the X-rays. Furthermore, in a case in which there is large variation in the residual stress occurring inside the cast and
forged steel product in a narrow area, the measurement positions may be arranged adjacent to one another at intervals
that are substantially equal to the irradiation diameter of the X-rays, or may be arranged at intervals that are less than
the irradiation diameter of the X-rays such that the measurement positions partly overlap with one another.

Detecting Step

[0020] The detecting step is a step of detecting, with a two-dimensional detector, the intensities of the diffracted X-
rays originating from the X-rays with which the cast and forged steel product is irradiated. The cast and forged steel
product is polycrystalline; therefore, the X-rays with which the cast and forged steel product is irradiated are diffracted
by a large number of crystals at angles that satisfy the Bragg’s diffraction condition. The X-rays diffracted by the large
number of crystals are detected as diffracted X-rays by the two-dimensional detector. The two-dimensional detector
detects the intensities of the diffracted X-rays, and an intensity distribution of the diffracted X-rays forms a diffraction ring.

Recording Step

[0021] The recording step is a step of recording the intensities of the diffracted X-rays, which have been detected in
the detecting step, for each irradiation position of the X-rays, that is, for each of the measurement positions of the cast
and forged steel product. In the recording step, when the intensities of the diffracted X-rays, which have been detected
in the detecting step, are recorded, X-ray diffraction information relating to the intensities of the diffracted X-rays in the
two-dimensional detector is initialized.
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Testing Step

[0022] The testing step is a step of obtaining the correction conditions for correcting the X-ray elastic constant for each
of the measurement positions of the cast and forged steel product. As shown in Fig. 2, the testing step includes: preparing
a test specimen (a preparing step); performing a stress test on the test specimen (a stress test step); and computing a
correction factor for correcting the X-ray elastic constant based on the result of the stress test (a computing step).

Preparing Step

[0023] In the preparing step, which is a step of preparing the test specimen from the cast and forged steel product,
the cast and forged steel product is processed so that the test specimen includes the plurality the measurement positions
for which the intensities of the diffracted X-rays have been recorded in the recording step. The preparing step may be
a step of processing the cast and forged steel product so that one test specimen includes the plurality of the measurement
positions, or a step of processing the cast and forged steel product so that each of a plurality of test specimens includes
a corresponding one of the plurality of the measurement positions. It is to be noted that in a case where the stress test
can be performed on the cast and forged steel product itself and the cast and forged steel product does not need to be
processed, the preparing step may be omitted.

Stress Test Step

[0024] The stress test step is a step of performing the stress test on the test specimen. Specifically, in the stress test
step, the plurality of the measurement positions of the test specimen is irradiated with the X-rays in a state in which a
known stress is applied to the test specimen by a tension tester or the like, the intensities of the diffracted X-rays
originating from the X-rays are detected, and the residual stress for each of the measurement positions is calculated
from the intensity distribution of the diffracted X-rays. As a method for calculating the residual stress based on the
intensity distribution of the diffracted X-rays, a calculation method according to the cos α method is used; however, a
method in which a stress is directly calculated from an X-ray distortion may also be used. Furthermore, a standard X-
ray elastic constant is used for calculation of the residual stress in the stress test step.

Computing Step

[0025] The computing step is a step of computing the correction factor for correcting the X-ray elastic constant based
on the result of the stress test. Specifically, in the computing step, a ratio of the residual stress for each of the measurement
positions to the known stress in the stress test is computed, and the ratio is obtained as the correction factor of the X-
ray elastic constant for each of the measurement positions. It is to be noted that in a case in which a plurality of ratios
is computed in the stress test using a plurality of known stresses, in light of increasing accuracy, the correction factor is
preferably obtained by averaging the plurality of the ratios for each of the measurement positions.

Calculating Step

[0026] The calculating step is a step of calculating, based on the diffraction ring formed by the intensity distribution of
the diffracted X-rays detected by the two-dimensional detector, the residual stress for each irradiation position of the X-
rays, that is, for each of the measurement positions of the cast and forged steel product. In the calculating step, the
residual stress for each of the measurement positions is calculated based on the diffraction ring for each of the meas-
urement positions and the X-ray elastic constant which varies for each of the measurement positions. Specifically, in
the calculating step, based on the correction factor of the X-ray elastic constant for each of the measurement positions,
wherein the correction factor has been obtained in the computing step, the X-ray elastic constant is corrected for each
of the measurement positions, and the residual stress for each of the measurement positions is calculated using the X-
ray elastic constant, which has been corrected, and the diffraction ring. As a method for calculating the residual stress
based on the diffraction ring, a calculation method according to the cos α method is used; however, a method in which
a stress is directly calculated from an X-ray distortion may also be used.
[0027] The steps of the method for measuring a residual stress are performed by the following procedure. First, in the
method for measuring a residual stress, the irradiating step, the detecting step, and the recording step are performed.
In a case in which a number of times of irradiation with the X-rays in total, that is, a number of measurements in total
has not reached a prescribed value, the irradiation position of the X-rays, that is, the measurement position is changed,
and then the irradiating step, the detecting step, and the recording step are performed again. Meanwhile, in a case in
which the number of measurements in total has reached the prescribed value, the testing step and the calculating step
are performed.
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Advantages

[0028] In the method for measuring a residual stress, the residual stress is calculated using the X-ray elastic constant,
which varies for each of the measurement positions of the cast and forged steel product irradiated with the X-rays;
therefore, even in a case in which a measurement position including a non-uniform portion in the cast and forged steel
product is irradiated with the X-rays, an appropriate X-ray elastic constant can be selected for the measurement position
of the cast and forged steel product. Thus, the method for measuring a residual stress can properly evaluate the residual
stress for each of the measurement positions of the cast and forged steel product.

Second Embodiment

[0029] The method for measuring a residual stress of the second embodiment is a method for measuring a residual
stress in a cast and forged steel product by use of X-rays, and is different from the method for measuring a residual
stress of the first embodiment in that the method for measuring a residual stress of the second embodiment further
includes, before the testing step, analyzing at least one property of the cast and forged steel product for each of the
measurement positions (an analyzing step), and, after the testing step and before the calculating step, determining a
correction factor which varies for each of the measurement positions (a correction factor determining step). The method
for measuring a residual stress of the second embodiment is similar to the method for measuring a residual stress of
the first embodiment in terms of the irradiating step, the detecting step, and the recording step, and is different from the
method for measuring a residual stress of the first embodiment in terms of a process shown in Fig. 3, the process being
performed in a case in which a number of measurements in total has reached a prescribed value. The differences from
the method for measuring a residual stress of the first embodiment will be described below.

Analyzing Step

[0030] The analyzing step is a step of analyzing a parameter indicating the at least one property of the cast and forged
steel product for each of the measurement positions. As the parameter indicating the at least one property of the cast
and forged steel product, at least one of a half width of the diffracted X-rays, a chemical component of the cast and
forged steel product, or a hardness of the cast and forged steel product is used. In the analyzing step, at least one of
the half width of the diffracted X-rays, the chemical component of the cast and forged steel product, or the hardness of
the cast and forged steel product is analyzed for each irradiation position of the X-rays, that is, for each of the measurement
positions.

Testing Step

[0031] The testing step is a step of obtaining correction conditions for correcting an X-ray elastic constant. As shown
in Fig. 4, the testing step includes: preparing a test specimen (a preparing step); performing a stress test on the test
specimen (a stress test step); computing a correction factor for correcting the X-ray elastic constant based on the result
of the stress test (a computing step); analyzing at least one property of the test specimen (a test specimen analyzing
step); and deriving a relational expression between the correction factor computed in the computing step and the at
least one property of the test specimen analyzed in the test specimen analyzing step (a deriving step). It is to be noted
that the test specimen, which is separate from the cast and forged steel product, is used in the testing step; therefore,
the testing step may be performed before other steps such as the analyzing step and the like.

Preparing Step

[0032] The preparing step is a step of preparing a test specimen equivalent to the cast and forged steel product. In
general, the cast and forged steel product is provided with excess material for testing material properties of the product;
therefore, the test specimen is preferably taken from the excess material.

Stress Test Step

[0033] The stress test step is a step of performing the stress test on the test specimen. Specifically, in the stress test
step, an arbitrary plurality of measurement positions of the test specimen is irradiated with the X-rays in a state in which
a known stress is applied to the test specimen by a tension tester or the like, the intensities of the diffracted X-rays
originating from the X-rays are detected, and the residual stress for each of the measurement positions is calculated
from the intensity distribution of the diffracted X-rays. As a method for calculating the residual stress based on the
intensity distribution of the diffracted X-rays, a calculation method of the cos α method is used; however, a method in
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which a stress is directly calculated from an X-ray distortion may also be used. Furthermore, a standard X-ray elastic
constant is used for calculation of the residual stress in the stress test step.

Computing Step

[0034] The computing step is a step of computing a correction value of the X-ray elastic constant based on the result
of the stress test. Specifically, in the computing step, a ratio of the residual stress for each of the measurement positions
to the known stress in the stress test is computed, and the ratio is obtained as the correction value of the X-ray elastic
constant for each of the measurement positions. It is to be noted that, in a case in which a plurality of ratios is computed
in the stress test using a plurality of known stresses, in light of increasing accuracy, the correction value is preferably
obtained by averaging the plurality of ratios for each of the measurement positions.

Test Specimen Analyzing Step

[0035] The test specimen analyzing step is a step of analyzing a parameter indicating at least one property of the test
specimen. Specifically, in the test specimen analyzing step, at least one of a half width of the diffracted X-rays, a chemical
component of the test specimen, or a hardness of the test specimen is analyzed for each of the measurement positions.

Deriving Step

[0036] The deriving step is a step of deriving the relational expression between the correction value computed in the
computing step and the at least one property of the test specimen analyzed in the test specimen analyzing step. The
correction value is connected to the parameter indicating the at least one property of the test specimen via the meas-
urement position. In the deriving step, a data group, in which the correction value is plotted on the vertical axis and the
parameter indicating the at least one property is plotted on the horizontal axis, is subjected to a least squares approxi-
mation by a quadratic function, whereby an approximate curve is obtained, and an equation expressing the approximate
curve is derived as the relational expression.

Correction Factor Determining Step

[0037] The correction factor determining step is a step of determining the correction factor for correcting the X-ray
elastic constant for each of the measurement positions of the cast and forged steel product. In the correction factor
determining step, the correction factor which varies for each of the measurement positions of the cast and forged steel
product is determined based on the parameter indicating the at least one property of the cast and forged steel product
for each of the measurement positions, wherein the parameter has been analyzed in the analyzing step, and the relational
expression derived in the deriving step of the testing step. Specifically, in the correction factor determining step, for each
of the measurement positions, the parameter indicating the at least one property of the cast and forged steel product,
wherein the parameter has been analyzed in the analyzing step, is assigned to the relational expression derived in the
deriving step, whereby the correction factor which varies for each of the measurement positions is determined.

Calculating Step

[0038] The calculating step is a step of calculating the residual stress for each irradiation position of the X-rays, that
is, for each of the measurement positions of the cast and forged steel product, on the basis of the diffraction ring formed
by the intensity distribution of the diffracted X-rays detected by a two-dimensional detector. In the calculating step, the
residual stress for each of the measurement positions is calculated based on the diffraction ring for each of the meas-
urement positions and the X-ray elastic constant which varies for each of the measurement positions. Specifically, in
the calculating step, the X-ray elastic constant is corrected for each of the measurement positions on the basis of the
correction factor which varies for each of the measurement positions, wherein the correction factor has been determined
in the correction factor determining step, and the residual stress for each of the measurement positions is calculated
using the X-ray elastic constant, which has been corrected, and the diffraction ring.

Advantages

[0039] In the method for measuring a residual stress, at least one of the half width of the diffracted X-rays, the chemical
component of the cast and forged steel product, or the hardness of the cast and forged steel product is analyzed for
each irradiation position of the X-rays in the cast and forged steel product. Then, in the method for measuring a residual
stress, the X-ray elastic constant which varies for each irradiation position is computed based on the analysis result,
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and the residual stress for each irradiation position is calculated based on the X-ray elastic constant. Hence, in the
method for measuring a residual stress, even in a case in which a region including a non-uniform portion in the cast and
forged steel product is irradiated with the X-rays, the residual stress can be calculated using the proper X-ray elastic
constant for each irradiation position of the cast and forged steel product. Thus, the method for measuring a residual
stress can properly evaluate the residual stress for each of the measurement positions of the cast and forged steel product.
[0040] Furthermore, since the half width of the diffracted X-rays, the chemical component of the cast and forged steel
product, and the hardness of the cast and forged steel product are non-destructively measurable parameters, the method
for measuring a residual stress can properly evaluate the residual stress for each of the measurement positions without
destroying the cast and forged steel product to be measured. Moreover, in the method for measuring a residual stress,
when the half width of the diffracted X-rays is selected as the parameter indicating the at least one property of the cast
and forged steel product, only the intensities of the diffracted X-rays for each of the measurement positions, wherein
the intensities have been recorded in the recording step, need to be analyzed in the analyzing step, whereby the analysis
can be simplified.

Other Embodiments

[0041] It should be understood that the embodiments disclosed herein are illustrative and non-restrictive in every
respect. The scope of the present invention is not limited to the structures of the above embodiments, is defined by the
terms of the claims, and is intended to include any modifications within the scope and meaning equivalent to the terms
of the claims.
[0042] In the first and second embodiments described above, the calculating step is performed after the number of
times of irradiation with the X-rays in total, that is, the number of measurements in total reaches the prescribed value;
however, the calculating step may be performed for each irradiation with the X-rays. In other words, in the method for
measuring a residual stress, in a case in which the number of measurements in total does not reach the prescribed
value after the irradiating step, the detecting step, and the calculating step are performed, the measurement position
may be changed, and then the irradiating step, the detecting step, and the calculating step may be performed again. In
this case, the method for measuring a residual stress does not necessarily need to include the recording step.
[0043] Furthermore, in the first embodiment described above, the method for measuring a residual stress includes
the testing step; however, the first embodiment does not necessarily need to include the testing step. In other words,
the method for measuring a residual stress of the first embodiment needs to include at least the irradiating step, the
detecting step, and the calculating step. For example, in a case in which an equivalent cast and forged steel product
having material properties substantially equal to those of the cast and forged steel product can be prepared, a relation
between a measurement position and a correction factor of an X-ray elastic constant of the equivalent cast and forged
steel product can be derived in advance by a procedure identical to that of the testing step. In a case in which the relation
between the measurement position and the correction factor is derived in advance using the equivalent cast and forged
steel product, the testing step can be omitted from the method for measuring a residual stress of the first embodiment
because the X-ray elastic constant used in the calculating step can be corrected for each measurement position on the
basis of the relation derived in advance. Furthermore, besides such a case, the testing step may be omitted by selecting,
for each of the measurement positions, a proper X-ray elastic constant from a plurality of X-ray elastic constants prepared
in advance. It is to be noted that, in light of selecting a proper X-ray elastic constant with high accuracy, the method for
measuring a residual stress of the first embodiment preferably includes the testing step.
[0044] Furthermore, in the second embodiment described above, the method for measuring a residual stress includes
the analyzing step, the testing step, and the correction factor determining step; however, the second embodiment does
not necessarily need to include the testing step. In the testing step of the second embodiment, the relational expression
between the correction value of the X-ray elastic constant and the at least one property of the test specimen is derived
in the deriving step, and the relational expression derived once can be reused; therefore, in a case in which the relational
expression has already been derived, the testing step can be omitted from the second embodiment.
[0045] In the first embodiment described above, the testing step includes the preparing step of preparing the test
specimen from the cast and forged steel product; however, in a case in which the stress test can be performed on the
cast and forged steel product itself and the preparing step is omitted, the testing step of the first embodiment may be
performed at any timing before the calculating step. For example, the testing step of the first embodiment may be
performed before the irradiating step.
[0046] In the second embodiment described above, the testing step includes the preparing step of preparing the test
specimen equivalent to the cast and forged steel product; however, the testing step of the second embodiment may be
performed at any timing before the correction factor determining step. For example, the testing step of the second
embodiment may be performed before the irradiating step.
[0047] In the second embodiment described above, the analyzing step is performed in the case in which the number
of measurements in total has reached the prescribed value; however, the analyzing step of the second embodiment
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may be performed at any time before the correction factor determining step. For example, the analyzing step of the
second embodiment may be performed before the irradiating step or may be performed after the detecting step.
[0048] In the second embodiment described above, the test specimen equivalent to the cast and forged steel product
is prepared in the preparing step; however, as in the first embodiment, the test specimen may be prepared from the cast
and forged steel product by processing the cast and forged steel product in the preparing step so that the test specimen
includes the plurality of the measurement positions, for which the intensities of the diffracted X-rays have been recorded.
In this case, the parameter indicating the at least one property of the cast and forged steel product has already been
analyzed in the analyzing step; therefore, the test specimen analyzing step can be omitted from the second embodiment.

[EXAMPLES]

[0049] Hereinafter, the present invention will be described more in detail by way of Examples; however, the present
invention is not limited to the Examples.

Tension Test of Test Specimen

[0050] First, a test specimen with much segregation and a test specimen with little segregation were cut out from a
large cast and forged steel product having a weight of greater than 1 t. As the large cast and forged steel product,
chromium-molybdenum-based alloy steel having a bainite structure was used. Furthermore, on the basis of knowledge
that a black line is observed in a portion with much segregation of a cast and forged steel product, a portion with much
segregation and a portion with little segregation were distinguished from each other by use of photography for macroscopic
structure observation of the large cast and forged steel product. Furthermore, as the test specimens, rods each including
a plate-shaped portion with a length of 70 mm, a width of 12.5 mm, and a thickness of 3 mm in a middle were cut out,
and the plate-shaped portions of the test specimens, which had been cut out, were electrolytically polished to a thickness
of approximately 0.1 mm.
[0051] A test was carried out in which a tension tester was used and, in a state where a tensile stress was applied in
a longitudinal direction of each of two kinds of test specimens (the test specimen with much segregation and the test
specimen with little segregation), a conventional stress obtained from a load cell of the tension tester was compared
with a residual stress measured using X-rays (hereinafter, referred to as "X-ray stress"). Furthermore, as measurement
positions of the X-ray stress, 3 3 3, i.e., nine points were set at regular intervals in a 6 mm 3 6 mm region of the plate-
shaped portion of each of the test specimens, which had been electrolytically polished.
[0052] Chromium Kα rays were used as the X-rays, a collimator diameter was set to 1.0 mm, an X-ray irradiation
distance was set to 80 mm, an X-ray irradiation angle with respect to the test specimens was set to 35°, and an X-ray
irradiation area was set to approximately 6.5 mm2. Furthermore, diffracted X-rays from a (211) plane of iron were detected
by a two-dimensional detector. As an X-ray elastic constant used for calculation of a residual stress from an obtained
diffraction ring, a standard constant employed for a steel material was used. Specifically, a Young’s modulus E and a
Poisson’s ratio v, which were used for calculation of the X-ray elastic constant, were set to 224 GPa and 0.28, respectively.
[0053] An X-ray stress of the test specimen with much segregation was measured at conventional stresses of 0 MPa,
269 MPa, 312 MPa, and 409 MPa. Furthermore, an X-ray stress of the test specimen with little segregation was measured
at conventional stresses of 0 MPa, 197 MPa, and 396 MPa. Fig. 5 is a graph showing a relation between the conventional
stress and the X-ray stress measured using the test specimen with much segregation, and Fig. 6 is a graph showing a
relation between the conventional stress and the X-ray stress measured using the test specimen with little segregation.
It is to be noted that solid lines in the graphs each represent an average value of X-ray stresses at the nine measurement
positions, dashed lines in the graphs each represent the conventional stress, and ends of a line extending vertically
represent a maximum value and a minimum value of the X-ray stresses at the nine measurement positions.
[0054] As shown in Fig. 5, a difference between the maximum value and the minimum value of the X-ray stress in the
test specimen with much segregation was confirmed to be very large: the difference was approximately 80 MPa at the
conventional stress of 0 MPa and was greater than or equal to 100 MPa at the conventional stresses other than 0 MPa.
For further examination, a percentage obtained by dividing the difference between the maximum value and the minimum
value of the X-ray stress by the conventional stress was defined as a measurement error of the X-ray stress; the
measurement error in the test specimen with much segregation was confirmed to be a very large value, at approximately
49% at the conventional stress of 269 MPa. Furthermore, as shown in Fig. 6, it was confirmed that the difference between
the maximum value and the minimum value of the X-ray stress was not small in the test specimen with little segregation,
either. A measurement error of the X-ray stress in the test specimen with little segregation was also examined; it was
confirmed that the measurement error was not small, being approximately 17% at the conventional stress of 197 MPa.
[0055] As described above, it was confirmed that the X-ray stress largely varied depending on the measurement
position. In particular, the variation in the X-ray stress in the test specimen with much segregation is extremely large.
The variation can be reduced by calculating the X-ray stress by use of the X-ray elastic constant, which varies for each
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of the measurement positions. Therefore, a method was examined in which the X-ray elastic constant, which varied for
each of the measurement positions, was computed, and the X-ray stress was calculated using the X-ray elastic constant.

Analysis of Test Specimen

[0056] Properties of the above-described test specimen with much segregation were analyzed for each of the nine
measurement positions. As parameters indicating the properties of the test specimen, a half width of the diffracted X-
rays, a chemical component of the test specimen, and a hardness of the test specimen were employed. As the half width
of the diffracted X-rays, a difference ΔB between: an average value of half widths of the diffracted X-rays for the meas-
urement positions, wherein the half widths had been obtained in the above-described measurement using the X-rays;
and the half width of the diffracted X-rays for each of the measurement positions was employed. As the chemical
component of the test specimen, carbon equivalent Ceq computed by an equation (1) below was employed. Furthermore,
as the hardness of the test specimen, a Vickers hardness Hv was employed.

In the equation, C denotes a carbon content, Mn denotes a manganese content, Si denotes a silicon content, Ni denotes
a nickel content, Cr denotes a chromium content, Mo denotes a molybdenum content, and V denotes a vanadium content,
wherein the content of each element is expressed in percent by mass.

Stress Test of Test Specimen

[0057] With regard to the above-described test specimen with much segregation, the X-ray stress was measured for
the nine measurement positions in a state in which a known stress was applied. Then, a ratio between the known stress
and the X-ray stress for each of the measurement positions was computed, and a correction factor λ of the X-ray elastic
constant for each of the measurement positions was obtained based on the ratio. It is to be noted that the standard
Young’s modulus E and the standard Poisson’s ratio v were used for calculation of the X-ray stress.

Derivation of Relational Expression

[0058] A data group was formed, in which the correction factor λ of the X-ray elastic constant obtained for each of the
measurement positions was plotted on the vertical axis; and the difference ΔB between the average value of the half
widths of the diffracted X-rays obtained for the measurement positions and the half width of the diffracted X-rays for
each of the measurement positions, the carbon equivalent Ceq of the test specimen, or the Vickers hardness Hv of the
test specimen was plotted on the horizontal axis. The data group was subjected to a least squares approximation by a
quadratic function, whereby an approximate curve serving as a relational expression was derived. Fig. 7 is a graph
showing a relation between the correction factor λ and the difference ΔB, Fig. 8 is a graph showing a relation between
the correction factor λ and the carbon equivalent Ceq, and Fig. 9 is a graph showing a relation between the correction
factor λ and the Vickers hardness Hv. In Fig. 7, the difference ΔB is expressed by "difference from standard half width".
An equation (2) below is a relational expression obtained from Fig. 7, an equation (3) below is a relational expression
obtained from Fig. 8, and an equation (4) below is a relational expression obtained from Fig. 9: 

Calculation of X-Ray Stress

[0059] The correction factor λ for each of the measurement positions was determined based on the difference ΔB for
each of the measurement positions and the relational expression represented by the above equation (2), and the X-ray
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elastic constant for each of the measurement positions was computed based on the correction factor λ. Then, the X-ray
stress for each of the measurement positions was calculated based on the diffraction ring formed by the intensity
distribution of the diffracted X-rays for each of the measurement positions, wherein the intensity distribution had been
obtained by the measurement using the X-rays, and the X-ray elastic constant obtained for each of the measurement
positions. It was confirmed that the X-ray stress calculated as above showed a smaller measurement error and less
variation than those of an X-ray stress calculated using a standard X-ray elastic constant.
[0060] The correction factor λ for each of the measurement positions was determined based on the carbon equivalent
Ceq for each of the measurement positions and the relational expression represented by the above equation (3), and
the X-ray elastic constant for each of the measurement positions was computed based on the correction factor λ. Then,
the X-ray stress for each of the measurement positions was calculated based on the diffraction ring formed by the
intensity distribution of the diffracted X-rays for each of the measurement positions, wherein the intensity distribution
had been obtained by the measurement using the X-rays, and the X-ray elastic constant obtained for each of the
measurement positions. It was confirmed that the X-ray stress calculated as above showed a smaller measurement
error and less variation than those of the X-ray stress calculated using the standard X-ray elastic constant.
[0061] The correction factor λ for each of the measurement positions was determined based on the Vickers hardness
Hv for each of the measurement positions and the relational expression represented by the above equation (4), and the
X-ray elastic constant for each of the measurement positions was computed based on the correction factor λ. Then, the
X-ray stress for each of the measurement positions was calculated based on the diffraction ring formed by the intensity
distribution of the diffracted X-rays for each of the measurement positions, wherein the intensity distribution had been
obtained by the measurement using the X-rays, and the X-ray elastic constant obtained for each of the measurement
positions. It was confirmed that the X-ray stress calculated as above showed a smaller measurement error and less
variation than those of the X-ray stress calculated using the standard X-ray elastic constant.

[INDUSTRIAL APPLICABILITY]

[0062] The method for measuring a residual stress of the present invention can properly evaluate a residual stress at
each measurement position of a cast and forged steel product.

Claims

1. A method for measuring a residual stress in a cast and forged steel product, the method using X-rays, comprising:

irradiating a cast and forged steel product with X-rays;
two-dimensionally detecting intensities of diffracted X-rays originating from the X-rays; and
calculating a residual stress based on a diffraction ring formed by an intensity distribution of the diffracted X-
rays detected in the detecting, wherein
when the residual stress is measured for each of a plurality of measurement positions of the cast and forged
steel product, the residual stress at each of the measurement positions is calculated in the calculating based
on the diffraction ring at each of the measurement positions and an X-ray elastic constant which varies for each
of the measurement positions.

2. The method for measuring a residual stress according to claim 1, wherein the X-ray elastic constant which varies
for each of the measurement positions is determined based on at least one of: a half width of the diffracted X-rays
originating from the X-rays, a chemical component of the cast and forged steel product, or a hardness of the cast
and forged steel product.

3. The method for measuring a residual stress according to claim 1 or 2, wherein the measurement positions are
arranged at intervals that fall within five times an irradiation diameter of the X-rays.
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