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original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (&) indicates an editorial change since the last revision or reapproval.

INTRODUCTION

The measurement of residual stress using X-ray diffraction (XRD) techniques has gained much
popularity in the materials testing field over the past half century and has become a mandatory test for
many production and prototype bearing components. However, measurement practices have evolved
over this time period. With each evolutionary step, it was discovered that previous assumptions were
sometimes erroneous, and as such, results obtained were less reliable than those obtained using
state-of-the-art XRD techniques. Equipment and procedures used today often reflect different periods
in this evolution; for example, systems that still use the single- and double-exposure techniques as well
as others that use more advanced multiple exposure techniques can all currently be found in
widespread use. Moreover, many assumptions made, such as negligible shear components and
non-oscillatory sin?y distributions, cannot safely be made for bearing materials in which the demand
for measurement accuracy is high. The use of the most current techniques is, therefore, mandatory to
achieve not only the most reliable measurement results but also to enable identification and evaluation
of potential measurement errors, thus paving the way for future developments.

1. Seepe-Scope*

1.1 This test method covers a procedure for experimentally determining macroscopic residual stress tensor components of
quasi-isotropic bearing steel materials by X-ray diffraction (XRD).

1.2 This test method provides a guide for experimentally determining stress values, which play a significant role in bearing life.

1.3 Examples of how tensor values are used are:
1.3.1 Detection of grinding type and abusive grinding;
1.3.2 Determination of tool wear in turning operations;
1.3.3 Monitoring of carburizing and nitriding residual stress effects;
1.3.4 Monitoring effects of surface treatments such as sand blasting, shot peening, and honing;
! This test method is under the jurisdiction of ASTM Committee E28 on Mechanical Testing and is the direct responsibility of Subcommittee E28.13 on Residual Stress
Measurement.

Current edition approved Apri——2642Nov. 1, 2020. Published May—264+2February 2021. Originally approved in 2012. Last previous edition approved in 2012 as
E2860-12. DOL: +84526A422860—12:10.1520/E2860-20.

*A Summary of Changes section appears at the end of this standard
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1.3.5 Tracking of component life and rolling contact fatigue effects;
1.3.6 Failure analysis;
1.3.7 Relaxation of residual stress; and

1.3.8 Other residual-stress-related issues that potentially affect bearings.

1.4 Units—The values stated in SI units are to be regarded as standard. No other units of measurement are included in this
standard.

1.5 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety-safety, health, and heatthenvironmental practices and determine the
applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accordance with internationally recognized principles on standardization
established in the Decision on Principles for the Development of International Standards, Guides and Recommendations issued
by the World Trade Organization Technical Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:*

E6 Terminology Relating to Methods of Mechanical Testing

E7 Terminology Relating to Metallography

E177 Practice for Use of the Terms Precision and Bias in ASTM Test Methods

E691 Practice for Conducting an Interlaboratory Study to Determine the Precision of a Test Method

E915 Test Method for Verifying the Alignment of X-Ray Diffraction Instrumentation for Residual Stress Measurement

E1426 Test Method for Determining the X-Ray Elastic Constants for Use in the Measurement of Residual Stress Using X-Ray
Diffraction Techniques

2.2 ANSI Standards:>

N43.2 Radiation Safety for X-ray Diffraction and Fluorescence Analysis Equipment

N43.3 For General Radiation Safety—Installations Using Non-Medical X-Ray and Sealed Gamma-Ray Sources, Energies Up
to 10 MeV

2.3 SAE standard:*
HS-784/2003 Residual Stress Measurement by X-Ray Diffraction, 2003 Edition

3. Terminology

3.1 Definitions—Many of the terms used in this test method are defined in Terminologies E6 and E7.
3.2 Definitions of Terms Specific to This Standard:

3.2.1 interplanar spacing, n—perpendicular distance between adjacent parallel atomic planes.

3.2.2 macrostress, n—average stress acting over a region of the test specimen containing many gains/crystals/coherent domains.
3.3 Abbreviations:

3.3.1 ALARA—As low as reasonably achievable
3.3.2 FWHM—Full width half maximum

3.3.3 LPA—Lorentz-polarization-absorption

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM Standards
volume information, refer to the standard’s Document Summary page on the ASTM website.

3 Available from American National Standards Institute (ANSI), 25 W. 43rd St., 4th Floor, New York, NY 10036, http://www.ansi.org.

4 Available from SAE International (SAE), 400 Commonwealth Dr., Warrendale, PA 15096, http://www.sae.org.



https://standards.iteh.ai/catalog/standards/sist/64b71784-24b4-4a80-885f-eb121865e8b7/astm-e2860-20

E2860 - 20

ull

3.3.4 MSDS—Material safety data sheet
3.3.5 XEC—X-ray elastic constant

3.3.6 XRD—X-ray diffraction

. .. . . 1+v
3.4 Symbols: '4S, "™} = X-ray elastic constant of quasi-isotropic material equal to BV

oy = Linear thermal expansion coefficient

B = Angle between the incident beam and c5; or surface normal on the 655 6, plane
x = Angle between the 6,9, direction and the normal to the diffracting plane

Y. = Fixed y offset used in modified-chi mode

d = Interplanar spacing between crystallographic planes; also called d-spacing

d, = Interplanar spacing for unstressed material

d, = Perpendicular spacing

Ad = Change in interplanar spacing caused by stress

&; = Strain component i, j

E = Modulus of elasticity (Young’s modulus)

Eeﬁ{hk” = Effective elastic modulus for X-ray measurements

p = Attenuation coefficient

n = Rotation of the sample around the measuring direction given by ¢ and y or y and
o or Q = Angle between the specimen surface and incident beam when y = 0°

¢ = Angle between the ¢, direction and measurement direction azimuth, see Fig. 1
“hkl” = Miller indices

o; = Normal stress component i,

5, Y =

. 37 J . v
X-ray elastic constant of quasi-isotropic material equal to ET

;= Shear stress component i,j
0 = Bragg angle
v = Poisson’s ratio

xMod¢ = Mode dependent depth of penetration

v = Angle between the specimen surface normal and the scattering vector, that is, normal to the diffracting plane, see Fig. 1

4. Summary of Test Method
4.1 A test specimen is placed in a XRD goniometer aligned as per Test Method E915.

4.2 The diffraction profile is collected over three or more angles within the required angular range for a given {hkl} plane,
although at least seven or more are recommended.

4.3 The XRD profile data are then corrected for LPA, background, and instrument-specific corrections.

4.4 The peak position/Bragg angle is determined for each XRD peak profile.

FIG. 1 Stress Tensor Components
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4.5 The d-spacings are calculated from the peak positions via Bragg’s law.

4.6 The d-spacing values are plotted versus their sin®y or sin’p values, and the residual stress is calculated using Eq 4 or Eq 8,
respectively.

4.7 The error in measurement is evaluated as per Section 14.

4.8 The following additional corrections may be applied. The use of these corrections shall be clearly indicated with the reported
results.

4.8.1 Depth of penetration correction (see 12.12) and
4.8.2 Relaxation as a result of material removal correction (see 12.14).

5. Significance and Use

5.1 This test method covers a procedure for experimentally determining macroscopic residual stress tensor components of
quasi-isotropic bearing steel materials by XRD. Here the stress components are represented by the tensor o;; as shown in Eq 1 az
p. 40). The stress strain relationship in any direction of a component is defined by Eq 2 with respect to the azimuth phi(p) and
polar angle psi(y) defined in Fig. 1 (1, p. 132).

O T2 T3
0y = [ T21 022 s where 7, = T, (@)]
T31 T32 O33
1 1
gkl = 55{2/'“} [6,, cos? sin®y+o,, sin’p sin’y+o,, coszw]+§s{2””) [t,,8in(2¢) sin?y+1 ;cos0sin(2y)+1,,singsin(2y)[+s " [ 6, +0,,406;] 2)

5.1.1 Alternatively, Eq 2 may also be shown in the following arrangement (2, p. 126):

1 1 1
sg’“’/‘” = QS{ZW) [6,, cos?p+1,,5in(29)+0,, sin’p — o5] sin2\|/+§s<2”k“cs33 — s o), +022+c533]+§s<2’“”} [1,5c08¢0+1,,sin¢]sin(2y)

5.2 Using XRD and Bragg’s law, interplanar strain measurements are performed for multiple orientations. The orientations are
selected based on a modified version of Eq 2, which is dictated by the mode used. Conflicting nomenclature may be found in
literature with regard to mode names. For example, what may be referred to as a y (psi) diffractometer in Europe may be called
a  (chi) diffractometer in North America. The three modes considered here will be referred to as omega, chi, and modified-chi
as described in 9.5.

5.3 Omega Mode (Iso Inclination) and Chi Mode (Side Inclination)—Interplanar strain measurements are performed at multiple
vy angles along one ¢ azimuth (let ¢ = 0°) (Figs. 2 and 3), reducing Eq 2 to Eq 3. Stress normal to the surface (o53) is assumed
to be insignificant because of the shallow depth of penetration of X-rays at the free surface, reducing Eq 3 to Eq 4.
Post-measurement corrections may be applied to account for possible o35 influences (12.12). Since the o;; values will remain
constant for a given azimuth, the s,'™! term is renamed C.

1 1
gltkh = isg”“} [6,, sinfy+o,, coszw]-ﬁ-is{z”k’} [t,58in(2y)]+sV* [6,,+06,, 0] 3)

1 . )
gtk = is{z"k” [5,, sin?y+1,,sin2y)]+C “

5.3.1 The measured interplanar spacing values are converted to strain using Eq 24, Eq 25, or Eq 26. Eq 4 is used to fit the strain
versus sin®y data yielding the values 6,,, 1,5, and C. The measurement can then be repeated for multiple phi angles (for example
0, 45, and 90°) to determine the full stress/strain tensor. The value, 6,,, will influence the overall slope of the data, while 1,5 is
related to the direction and degree of elliptical opening. Fig. 4 shows a simulated d versus sin®y profile for the tensor shown. Here

3 The boldface numbers in parentheses refer to the list of references at the end of this standard.


https://standards.iteh.ai/catalog/standards/sist/64b71784-24b4-4a80-885f-eb121865e8b7/astm-e2860-20

E2860 - 20

ull

¢ Axis

Note 1—Stress matrix is rotated 90° about the surface normal compared to Fig. 2 and Fig. 14.
FIG. 3 Chi Mode Diagram for Measurement in ¢,, Direction

the positive 20-MPa 1,5 stress results in an elliptical opening in which the positive psi range opens upward and the negative psi
range opens downward. A higher 1,5 value will cause a larger elliptical opening. A negative 20-MPa 1,5 stress would result in the
same elliptical opening only the direction would be reversed with the positive psi range opening downwards and the negative psi
range opening upwards as shown in Fig. 5.
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FIG. 5 Sample d (20) Versus sin?y Dataset with ¢, = -500 MPa and t,; = -20 MPa

5.4 Modified Chi Mode—Interplanar strain measurements are performed at multiple B angles with a fixed y offset, y,, (Fig. 6).
Measurements at various 3 angles do not provide a constant ¢ angle (Fig. 7), therefore, Eq 2 cannot be simplified in the same
manner as for omega and chi mode.

5.4.1 Eq 2 shall be rewritten in terms of B and y,,. Eq 5 and 6 are obtained from the solution for a right-angled spherical triangle

3).

v = arccos( cos Beosy,,) ®)
_ sin Beosy,,
o= arccos<7sin v ) ©)

5.4.2 Substituting ¢ and y in Eq 2 with Eq 5 and 6 (see X1.1), we get:

1 1
gl = Es{z’“"’} [5,, sin’B cos?y,, +0,, sin%(, +0,; cos?p cos?,, | -+-§s<2”"q [t,,sinpsin(2y,,) +1,5sin(2B) cos?y,, +1,5c08Psin(2y,,) | +s{* [0, +0,+05,] (7

5.4.3 Stress normal to the surface (o55) is assumed to be insignificant because of the shallow depth of penetration of X-rays at the
free surface reducing Eq 7 to Eq 8. Post-measurement corrections may be applied to account for possible 655 influences (see 12.12).
Since the o;; values and ,, will remain constant for a given azimuth, the s, K term is renamed C, and the 6,, term is renamed
D.

1 1
gt = Es{z”"” [5,, sin®B cos?,, +D] +is{2h“} [t,,sinBsin(2y,,) +1,55in(2B) cos?y,, +1,5c0sPsin(2y,,) ] +C ®)

5.4.4 The o,, influence on the d versus sin’p plot is similar to omega and chi mode (Fig. 8) with the exception that the slope shall
be divided by cos?y,,,. This increases the effective 5s,'™! by a factor of 1/cos?y,, for ;.
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2 Detector
w Axis Configuration

FIG. 6 Modified Chi Mode Diagram for Measurement in ¢,, Direction
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FIG. 7 v and ¢ Angles Versus p Angle for Modified Chi Mode with y,,, = 12°

5.4.5 The t; influences on the d versus sin’p plot are more complex and are often assumed to be zero (3). However, this may not
be true and significant errors in the calculated stress may result. Figs. 9-13 show the d versus sin®f influences of individual shear
components for modified chi mode considering two detector positions (y,, = +12° and y,,, = -12°). Components 1,, and 1,5 cause
a symmetrical opening about the 6, slope influence for either detector position (Figs. 9-11); therefore, 6,, can still be determined
by simply averaging the positive and negative § data. Fitting the opening to the t,, and t,5 terms may be possible, although

distinguishing between the two influences through regression is not normally possible.

5.4.6 The 1,; value affects the d versus sin’p slope in a similar fashion to o,, for each detector position (Figs. 12 and 13). This
is an unwanted effect since the ¢,, and 1,5 influence cannot be resolved for one y,, position. In this instance, the 1,5 shear stress
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FIG. 10 Sample d (20) Versus sin?p Dataset with y,, = -12°, 6,, = -500 MPa, and 1,, = -100 MPa

of -100 MPa results in a calculated o, value of -472.5 MPa for y,,, = +12° or -527.5 MPa for y,, = -12°, while the actual value

is -500 MPa. The value, 6,, can still be determined by averaging the B data for both y,, positions.

5.4.7 The use of the modified chi mode may be used to determine o, but shall be approached with caution using one y,,, position
because of the possible presence of a 1,5 stress. The combination of multiple shear stresses including 1,5 results in increasingly
complex shear influences. Chi and omega mode are preferred over modified chi for these reasons.

6. Apparatus
6.1 A typical X-ray diffractometer is composed of the following main components:

6.1.1 Goniometer—An angle-measuring device responsible for the positioning of the source, detectors, and sample relative to each
other.
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FIG. 11 Sample d (260) Versus sin?p Dataset with y,,, = +12 or -12°, 6,, = -500 MPa, and 1,5 = -100 MPa
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FIG. 13 Sample d (20) Versus sin?p Dataset with y,, = -12°, 6,; = -500 MPa, 1,; = -100 MPa, and Measured ¢,, = -527.5 MPa

6.1.2 X-Ray Source—There are generally three X-ray sources used for XRD.

6.1.2.1 Conventional Sealed Tube—This is by far the most common found in XRD equipment. It is identified by its anode target
element such as chromium (Cr), manganese (Mn), or copper (Cu). The anode is bombarded by electrons to produce specific X-ray
wavelengths unique to the target element.

6.1.2.2 Rotating Anode Tube—This style of tube offers a higher intensity than a conventional sealed tube.

6.1.2.3 Synchrotron—Particle accelerator that is capable of producing a high-intensity X-ray beam.

6.1.2.4 Sealed Radioactive Sources—Although not commonly used, they may be utilized.
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6.1.3 Detector—Detectors may be of single channel, multi-channel linear, or area design.
6.1.4 Software—Software is grouped into the following main categories:

6.1.4.1 Goniometer control—Responsible for positioning of the sample relative to the incident beam and detector(s) in automated
goniometers.

6.1.4.2 Data acquisition—Responsible for the collection of diffraction profile data from the detector(s).

6.1.4.3 Data processing—Responsible for all data fitting and calculations.

6.1.4.4 Data management—Responsible for data file management as well as overall record keeping. Individual measurement data
is typically stored in a file format that can later be reopened for reevaluation. It is often beneficial to keep a database of key

measurement values and file names.

7. Hazards

7.1 Regarding the use of analytical X-ray equipment, local government regulations or guidelines shall always be followed.
Examples include ANSI N43.2-2001 and ANSI N43.3.

7.2 The as low as reasonably achievable (ALARA) philosophy should always be used when dealing with radiation exposure.
7.3 Always follow the safety guidelines of the equipment manufacturer.

7.4 Refer to material safety data sheets (MSDS) sheets for handling of dangerous materials potentially found in XRD equipment
(that is, beryllium and lead).

7.5 The high voltage used to generate X-rays is very dangerous. Follow the manufacturer’s and local guidelines when dealing with
high-voltage equipment.

8. Test Specimens
8.1 This guide is intended for materials with the following characteristics:

8.1.1 Fine grain size and

8.1.2 Near random coherent domain orientation distribution.

8.2 Test specimens shall be clean at the measured location and should be free of visible signs of oxidation, material debris, and
coatings such as oil and paint.

8.3 Sample surfaces shall be free of any significant roughness. Grooves produced by machining perpendicular to the measurement
direction may affect measurement results (4, p. 21).

8.4 Sample surfaces may be prepared using electropolishing as this method does not impart stress within the sample; however,
removal of stressed layers may influence the subsurface residual stress state. Corrections are available to estimate the true stress
that existed when the specimen was intact (see 12.13).

8.5 If material removal methods other than electropolishing (that is, grinding or sanding) are necessary, subsequent electropol-
ishing is required to ensure the cold-worked region is removed. For light grinding or sanding, the removal of 0.25 mm is
recommended.

8.6 Sample curvatures should not exceed the acceptable limits for the goniometer setup used (see 9.1.2).

10
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8.7 Measurement of a single-phase stress in multiphase materials may not be representative of the bulk material when significant
amount of additional phases are present.

8.8 Measurement of thin coatings may not be representative of the bulk material. Diffraction of the substrate may create interfering
diffraction lines.

9. Preparation of Apparatus

9.1 Primary Beam Size—The primary beam size is typically adjustable using a primary beam aperture. To ensure the best counting
statistics, the largest beam size should be used that does not exceed the following limitations:

9.1.1 Preferably beam divergence should not exceed 1° (2, p. 107). Divergence may be limited by devices such as Soller slits and
sample masking.

9.1.2 For cylindrical specimens of radius, R, the maximum incident X-ray spot size to use shall be R/6 for 5 % error and R/4 for
10 % error in the hoop direction and R/2.5 and R/2 for 5 % and 10 % error, respectively, in the axial direction. In cases in which
the beam size cannot be sufficiently small, corrections can be applied (5, p. 107), (6, pp. 327-336).

9.2 Target/Plane Combination—The characteristic wavelengths available for diffraction are determined by the target element. A
list of common target elements, their K line wavelengths, and KB filters are shown in Table 1.

9.2.1 There are several possible target-plane combinations for a given bearing steel that will produce a diffraction peak. When
choosing a combination, there are many factors to take into account including the relative peak versus background intensity, mass
absorption coefficient, possible interfering peaks, and strain resolution. Higher 26 values will have a higher strain resolution thus
improving measurement precision. A higher mass absorption coefficient reduces the depth of penetration. Shallow penetration
reduces stress gradient effects but limits the number of coherent domains contributing to the diffraction profile. When performing
residual stress measurements in martensitic bearing steels, the Cr Ka target is typically used with the {211} plane with a 26 angle
of approximately 154 to 157°. When performing residual stress measurements in austenitic bearing steels, the Mn Ko target is
typically used with the {311} plane with a 20 angle of approximately 152 to 155°. Table 2 shows a list of target-plane combinations
commonly shown in literature. X-Ray elastic constants 2 s, and s, may also be determined with Test Method E1426. The depth
of penetration (x) for omega and chi mode based on Eq 9 and 10 are included (DIN En 15305, p. 22), (1, p. 106). Note that when
y = 0, the depth of penetration is the same for either mode. The y = 0 values are, therefore, listed in the same column. The depth
of penetration for modified chi mode is given by Eq 11.

1l $in’0 — siny

Q =
Tyo 2u  sin Ocosy ©
[
Xty = Zsm@cosw (10)
1
xfy = 5—cosp(1 — cot®0) an

2u

9.3 Filters—Filters may be used to suppress Kg peak interference and fluorescence. A filter material is chosen based on the K4,e
value, which should lie between the target K, and K wavelength values. See Table 1.

TABLE 1 Target Wavelengths and Appropriate K; Suppression

Filers

Target K1 Koo Ky Filter Kegge

Element [A] = [nm x 10]
22 Ti 2.748 51 2.752 16 2.513 91
24 Cr 2.289 70 2.293 606 2.084 87 V 2.269 1
25 Mn 2.101 820 2.105 78 1.910 21 Cr 2.070 20
26 Fe 1.936 042 1.939 980 1.756 61 Mn 1.896 43
27 Co 1.788 965 1.792 850 1.620 79 Fe 1.756 61
29 Cu 1.540 562 1.544 390 1.392 218 Ni 1.488 07
42 Mo 0.709 300 0.713 590 0.632 288 Nb 0.652 98
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