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ABSTRACT

A brief theoretica development of x-ray diffraction
residual stress measurement is presented emphasizing
practica engineering applications of the plane-stress
model, which requires no externa standard.
Determination of the full stress tensor is briefly
described, and alternate mechanical, magnetic, and
ultrasonic methods of residual stress measurement are
compared.

Sources of error arising in practical application are
described.  Subsurface measurement is shown to be
necessary to accurately determine the stress distributions
produced by surface finishing such as machining,
grinding, and shot peening, including corrections for
penetration of the x-ray beam and layer removal.

Current applications of line broadening for the
prediction of material property gradients such as yield
strength in machined and shot peened surfaces, and
hardness in steels are presented. The development of
models for the prediction of thermal, cyclic, and
overload residual stress relaxation are described.

X-RAY DIFFRACTION (XRD) STRESS
MEASUREMENT can be a powerful tool for falure
analysis or process development studies. Quantifying
the residual stresses present in a component, which may
either accelerate or arrest fatigue or stress corrosion
cracking, is frequently crucial to understanding the cause
of falure.  Successful machining, grinding, shot
peening, or heat treatment may hinge upon achieving not
only the appropriate surface finish, dimensions, case
depth or hardness, but also a residual stress distribution
producing the longest component life. The engineer
engaged in such studies can benefit by an understanding
of the limitations and applications of XRD stress
measurement. This paper presents a brief devel opment
of the theory and sources of error, and describes recent
applications of material property prediction and residual
stress relaxation.

Application of XRD stress measurement to practical
engineering problems began in the early 1950's. The
advent of x-ray diffractometers and the development of
the plane-stress residual stress model allowed successful
application to hardened steels (1,2). The development
of commercia diffractometers and the work of the
Fatigue Design and Evaluation Committee of the SAE
(3) resulted in widespread application in the automotive
and bearing industries in the 1960's. By the late 1970's
XRD residuad stress measurement was routinely applied
in aerospace and nuclear applications involving fatigue
and stress corrosion cracking of nickel and titanium
dloys, as wel as auminum and steels. Today,
measurements are routingly performed in ceramic,
intermetallic, composite, and virtually any fine grained
crystalline material. A variety of position sensitive
detector instruments allow measurement in the field and
on massive gructures. The theoretical basis has been
expanded to allow determination of the full stress tensor,
with certain limitations.

Stress is an extrinsic property, and must be calculated
from a directly measurable property such as dtrain, or
force and area. The available methods of residua stress
"measurement” may be classified into two groups: those
that cdculate stress from strain assuming linear
elasticity, and those that monitor other nonlinear
properties.

In x-ray and neutron diffraction methods, the strain is
measured in the crystal lattice, and the residual stress
producing the strain is caculated, assuming a linear
eladtic distortion of the crystal lattice. The mechanical
linear-elastic methods (dissection techniques) monitor
changes in strain caused by sectioning, and are limited
by simplifying assumptions concerning the nature of the
residual stress field and sample geometry. Center hole
drilling is more widely applicable, but is limited to
stresses less than nominally 60% of the yield strength
(4). All mechanical methods are necessarily destructive,
and cannot be directly checked by repesat measurement.

All non-linear-elastic methods, such as ultrasonic and
Barkhausen noise are subject to error from preferred
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orientation, cold work, and grain size. All require
dsressfree reference samples, which are otherwise
identica to the sample under investigation, and are
generaly not suitable for laboratory residua stress
determination at their current state of development.

XRD residual stress measurement is applicable to fine
grained crygtaline materias that produce a diffraction
peak of suitable intensity, and free of interference in the
high back-reflection region for any orientation of the
sample  surface. Surface measurements  are
nondestructive. Both the macroscopic residua stresses
and line broadening caused by microstresses and
damage to the crystals can be determined independently.

Macroscopic stresses, or macrostresses, which extend
over distances large relative to the grain size of the
material, are the stresses of general interest in design and
fallure anaysis. Macrostresses are tensor quantities, and
are determined for a given location and direction by
measuring the strain in that direction at a single point.

Macrostresses produce uniform distortion of many
crystals smultaneoudly, shifting the angular position of
the diffraction peak selected for residua stress
measurement.

Microscopic stresses, or microstresses, are treated as
scaler properties of the material, related to the degree of
cold working or hardness, and result from imperfections
in the crystd lattice. Microstresses arise from variations
in drain between the "crysdlites' bounded by
didocation tangles within the grains, acting over
distances less than the dimensions of the crystals.
Microstresses vary from point to point within the
crystals, producing a range of lattice spacing and
broadening of the diffraction peak.

Because the elagtic strain changes the mean lattice
spacing, only elagtic strains are measured by x-ray
diffraction. When the elastic limit is exceeded, further
strain results in didocation motion, disruption of the
crystal lattice, and an increase in line broadening.
Although residual stresses are caused by nonuniform
plastic deformation, all residual macrostresses remaining
after deformation are necessarily elagtic.

The residual stress determined using x-ray diffraction is
the arithmetic average stress in a volume of material
defined by the irradiated area, which may vary from
sguare centimeters to less than a square millimeter, and
the depth of penetration of the x-ray beam. The linear
absorption coefficient of the material for the radiation
used governs the depth of penetration. For the
techniques commonly used for iron, nickel, and
aluminum aloys, 50% of the radiation is diffracted from
a layer less than 5 ym deep. The shallow depth of
penetration and small irradiated area allow measurement

of residua stress distributions with spatial and depth
resolution exceeding all other methods.

THEORY

A thorough development of the theory of x-ray
diffraction residua stress measurement is beyond the
scope of this paper. The interested reader is referred to
the textbooks and general references (3,5,11,14). Asin
all diffraction methods, the lattice spacing is calculated
from the diffraction angle, 20, and the known x-ray
wavelength using Bragg's Law. The precision necessary
for strain measurement in engineering materials can be
achieved using diffraction peaks produced in the high
back reflection region, where 29 > 120 deg. The
macrostrain is determined from shifts typicaly less than
one degree in the mean position of the diffraction peak.
The microstresses and crystallite size reduction caused
by plastic deformation are usually expressed simply in
terms of diffraction pesk angular width, which may
range from less than 0.5 deg. for anneadled materia to
over 10 deg. in a hardened steel.

Plane-Stress Elastic Model. Because the x-ray
penetration is extremely shallow (< 10 ym), a condition
of plane-stress is assumed to exist in the diffracting
surface layer. The stress distribution is then described
by principal stresses ¢11, and o2 in the plane of the
surface, with no stress acting perpendicular to the free
surface, shown in Figure 1. The normal component gss
and the shear stresses g13 = g31 and g23 = g3 acting out
of the plane of the sample surface are zero. A drain
component perpendicular to the surface, g3, exists as a
result of the Poisson's ratio contractions caused by the
two principal stresses.

,dw

Fig. 1 - Plane dress a a free surface showing the change in
| attice spacing with tilt g for auniaxial stress g, parallel to one
edge.

The strain in the sample surface at an angle ¢ from the
principal stress g11 isthen given by:
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(Eq 1)

Equation 1 relates the surface stress gy, in any direction
defined by the angle @, to the strain, g4y, in the direction
(@) and the principal stresses in the surface. If dg, is
the spacing between the lattice planes measured in the
direction defined by ¢ and , the strain can be expressed
in terms of changesin the spacing of the crystal lattice:

Ad d(pw dO
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g do do

(Eq2)
where dp is the stress-free lattice spacing. Substituting
into Eq. 1 and solving for d,,, yields:
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where the appropriate elastic constants (1 + v)/Egay and
(V/E)(niy @re now in the crystallographic direction normal
to the (hkl) lattice planes in which the strain is measured.

Because of elagtic anisotropy, the elastic constants in
the (hkl) direction commonly vary as much as 40% from
the published mechanical values (5,6).

(Eq3)

Equation 3 is the fundamental relationship between
lattice spacing and the biaxial stresses in the surface of
the mple The lattice spacing dyy, is a linear function
of sm LIJ Figure 2 shows the variation of d(311) with
sin’ Y, for g ranging from O to 45° for shot peened
5056-0O aluminum having a surface stress of -148 MPa
(-21.5ks).

The intercept of the plot at sinqu = 0 equals the
unstressed lattice spacing, do, minus the Poisson's ratio
contraction caused by the sum of the principa stresses:

dgo=do- @VEQ d0(0'11+ 0'22)

) (Eq 4)
q
O O
:doD.-BV—H (011+022)D
B OF )
The dope of the plot is:
od +
i I G

dsny OE )

which can be solved for the stress g
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Fig. 2 - Linear dependence of d (311) upon SianJ for shot
peened 5056-0 aluminum. Ref. (14)

The x-ray elagtic constants can be determined
empiricaly (6), but the unstressed lattice spacing, do, is
generaly unknown. However, because E » (011 + 022),
the value of dg from Eq. 4 differs from do by not more
than + 0.1%, and g, may be approximated to this
accuracy by substituting dyp for do in Eq. 6. The method
then becomes a differential technique, and no stress-free
reference standards are required to determine do for the
plane-stress moddl.  All of the common variations of
x-ray diffraction residual stress measurement, the
"dgngle-angle”’, "two-angle’, and "sinqu" techniques,
assume plane-stress at the sample surface, and are based
on the fundamental relationship between lattice spacing
and stressgivenin Eq. 3.

Stress Tensor Determination. An expression for the
lattice spacing can be formulated as a function of ¢ and
(, for the general case, assuming stresses exist normal to
the surface'”. Nonlinearities producing separation of the
+ and -y data in the form of liptical curvature of the
d-sin LIJ plots termed "y splitting” are occasionally
observed at the surface of ground hardened steels, and
are attributable to shear stresses acting normal to the
surface®.  Determination of the full stress tensor has
been the focus of most academic research into XRD
stress measurement over the last decade, and is
necessary in al neutron diffraction applications because
of the deep penetration into the sample.

In principle, the full stress tensor can be determined (7,
8). However, unlike the plane-stress moddl, the stress-
free lattice spacing, do, must be known independently to
the accuracy required for strain measurement (1 part in
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10°) in order to calculate the three normal stress
components, g1, oz, ad gss. Errors in the normal
stress components, which are of primary interest, are
proportional to the difference between the value of do
assumed and dgp. Large errors in both magnitude and
sign of the three normal stress components can easily
arise from errors in do. In most practica applications,
such as the surfaces generated by machining, grinding,
or hardening, the lattice spacing varies as a result of
plagtic deformation or heat treatment, precluding
independent determination of the unstressed lattice
spacing with sufficient precision (9-11). Further, other
sources of nonlinearities in d-sin“y plots such as
subsurface stress gradients, instrument misalignment,
and failure of the diffraction peak location method must
first be eliminated (12,13). Thefull stress tensor method
istherefore limited primarily to research applications.

SOURCES OF ERROR

Because XRD residual stress determination requires
precision in the measurement of the angular position of
diffraction peak on the order of 1 part in 10°, many
sources of error must be controlled. A thorough
discussion of error is beyond the scope of this paper and
have been addressed (3,5,11). The sources of error of
primary importance in engineering applications may be
placed in three categories: sample dependent errors,
analytical errors, and instrumental errors.

Sample dependent errors may arise from an excessively
coarse grain size, severe texture, or interference of the
sample geometry with the x-ray beam. Both surface and
subsurface stress gradients are common in machining
and grinding, and may cause errors as high as 500 MPa,
even atering the sign of the surface stress.  Corrections
can be made for penetration of the x-ray beam into the
subsurface stress gradient using electropolishing to
remove layers in fine increments on the order of 5-10
um(3,1).

Electropolishing for subsurface measurement will cause
stress relaxation in the layers exposed. If the stresses in
the layers removed are high and the rigidity of the
sample is low, the relaxation can be on the order of
hundreds of MPa. For simple geometries and stress
fields, closed form solutions are available (15).
Recently, finite element corrections have been applied to
arbitrary geometries (16).

Analytical errors may arise from the validity of the stress
model assumed, the use of inaccurate elastic constants,
or the method of diffraction peak location. Diffraction
peaks severa degrees wide must be precisely located
within 0.01 deg. Various methods have been devel oped,

but the fitting of Pearson VII functions to separate the
Ko doublet and alow for peak defocusing caused by the
change in  angle and line broadening as layers are
removed in subsurface measurement is superior (12,13).
X-ray elagtic constants may be determined empiricaly
to ASTM E1426 to an accuracy on the order of £1% in
four-point bending (6).

Instrumental errors arise from the misalignment of the
diffraction apparatus or displacement of the specimen.
Sample displacement from the center of the goniometer
is the primary instrumental error. Divergence of the x-
ray beam and sample displacement can cause "
splitting" which is indistinguishable in practice from the
presence of sheer stresses, g1z and g23, acting out of the
surface.  ASTM E915 provides a simple procedure
using a zero stress powder to verify the instrument
alignment, except for the accuracy of the ) rotation.

SUBSURFACE MEASUREMENT

X-ray diffraction residua stress measurements are
nondestructive.  Attempts have been made since the
1960's to use nondestructive XRD residua stress
measurement for process control, with limited success.
The difficulty arises for two fundamental reasons.

Firgt, surface residua stresses smply are not reliably
representative of either the processes by which they
were produced, or the stresses below the surface (17).
Grinding and shot peening will commonly produce
nearly identica levels of surface compression.
Complete ranges of shot peening intensities will often
produce virtually identical surface stresses with large
differences in the depth of the compressive layer. Many
surface finishing processes like tumbling, wire brushing,
sand blasting, etc. will produce nearly identical surface
compression which may mask subsurface tensile stresses
due to welding, prior grinding, etc. Further,
nondestructive surface measurements can not be
corrected for potentialy large errors due to penetration
of the x-ray beam into a stress gradient.

Second, extensive studies have demongtrated that the
subsurface peak residua stress rather than the surface
residual stress generaly governs fatigue life (18). The
surface residua stress produced by turning, milling and
grinding of steels, nickel, titanium, and aluminum alloys
has been found to be the most variable and least
characterigtic of the machining process. The subsurface
peak stress, either tensile or compressive, correlates with
both room and elevated temperature fatigue behavior in
extensive studies of surface integrity. The subsurface
residual stress distribution must generally be obtained to
adequately characterize a manufacturing process.
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PROPERTY PREDICTION
FROM LINE BROADENING

The breadth of the diffraction peak used for residual
stress measurement increases as materials are cold
worked, or as a result of phase transformations such as
hardening of martensitic steels. The broadening is
primarily the result of two related phenomena a
reduction of the "crystallite" or coherent diffracting
domain size, and an increase in the range of microstrain.
As amateria is cold worked, or strained as a result of
phase transformations, the perfect crystalline regions
between didocation tangles become smdler. When
these regions are reduced to less than nominally 0.1um,
the diffraction peak breadth increases with further
reduction. The microstrain in each crystallite will vary
about the mean value for the aggregate of such regions
making up the polycrystalline body. This range of
microstrain results in variation in lattice spacing of the
diffracting crystalites, and increased line broadening.

Other imperfections such as stacking faults and point
defects also contribute to the peak breadth.

The relative contributions of crysalite size and
microstrain to the integral breadth can be separated by
the Warren-Averbach method (19). However, the
separation is of little practica use in engineering
applications, requires extensive data collection, and is
subject to variations in interpretation. The measured
peak breadth, even without correction for instrumental
broadening, can be related directly to materia properties
of practical engineering interest such as the ateration of
yield strength in cold worked aloys, and hardness in
martengitic stegls.

The hardness in martensitic steels can be measured
simultaneoudly with residual stress with depth resolution
on the order of the 5 ym penetration depth of the x-ray
beam. The high depth resolution alows detection of
thin work softened layers produced by deformation at
the surface of criticd components such as gears and
bearings. An empirical relationship between the (211)
peak breadth and

Rockwell C hardness for SAE 1552 stedl is shown in
Figure 3 (16). The hardness caculated from peak
broadening is compared to mechanica microhardness
measurements at an adjacent location on an induction
hardened gear tooth in Figure 4. The high resolution of
the x-ray diffraction technique alows a clear definition
of the hardness gradient through the case-core interface.

(211) PEAK WIDTH (deg.)
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Fig. 3 - Dependence of (211) peak haf-width on hardness for
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Fig. 4 - Comparison of mechanical (Vickens 500g) and XRD
hardness measured at adjacent locations on an induction
hardened SAE 1552 stedl gear tooth. Ref. (16)
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The degree to which materials have been cold worked
can be estimated from the peak breadth. If "cold
work" is defined as the true plastic strain, atrue stress-
strain curve can then be used to estimate the resulting
change in yield strength (20,21). An example of the
relationship between the (420) diffraction peak width
and the percent cold work (true plastic strain) for the
nickel-base super alloy Rene 95 is shown in Figure 5.
The results indicate the accumulated peak breadth is
independent of the mode of deformation, and is
additive for combined deformation, provided true
plastic strain is taken as the measure of cold working.

The complex distribution of yield strength devel oped by
weld shrinkage in previousy reamed Incondl 600 deeve
is shown in Figure 6 (22). The line broadening data,
converted to percent cold work and then yield strength,
reveal a complex layer of highly cold worked surface
material extending to a depth of 0.25mm in the reamed
area adjacent to the heat affected zone. The plagtic
deformation caused by weld shrinkage extends 25mm to
either side of the weld. The materia is only fully
annealed well beneath the reamed surface in the heat
affected zone. Stress corrosion cracks were associated
with peak tensile stresses occurring just at the edge of
the highly cold worked reamed area. Note that the yield
strength of the deformed surface layers after cold
working exceeds twice bulk yield of the alloy.

PEAK WIDTH vs COLD WORK
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DISTANCE FROM TOP OF WELD OVERLAY (in.)
-1.5 -1.0 -0.5 0.0 0.5 1.0

1200

REAMED AREA 7 —i
—0- H H
e —— = e L I a H
1000 o aa, N . N e
[~ — A « h \ - } =
S s00 v i T
~ /V’—’ \ \o =] Y H o
v H ~d
Ij—: W\A \a P v_o—+ | o ﬂ
2 600 Ot = ¢ E
g / ; : \o/" ;29§§ — m
X H : % 5]
% H H X Bulk V.S 434 VP =
%] =
400 i i !
a H ~
o —o— Surface % H 3
- —0— 13 um (0.0005 in.) -
> 200 —— 25 ym (0-0010 in.) M)
—o— 51 un (0.0020 in.)
—0— 127 un (0.0050 in.)
—%— 254 un (0.0100 in.)
0 S 0
-40 -30 -20 -10 0 10 20 30

DISTANCE FROM TOP OF WELD OVERLAY (mm)
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welding (seetext). Ref. (22)

MODELING OF RESIDUAL
STRESS RELAXATION

The relaxation of residual stress during cyclic loading or
at elevated temperature has been reported for decades,
and has been reviewed (23). Recently, O. V&hringer
and coworkers (24,25) have developed models for the
prediction of residua stress relaxation as functions of
time and temperature, single cycle overload, and cyclic
loading which promise to be powerful tools for failure
analysis.

An Avrami approach is used to describe the fraction of
resdual stress remaining as a function of time and
temperature in terms of an activation energy and to other
material constants. The material dependent constants
are developed from measurements of the isothermal
stress relaxation as functions of time. The predicted and
measured stress relaxation at the surface of shot peened
AlSl 4140 dedl, using an incremental relaxation
approach, is shown in Figure 7. The thermal relaxation
model promises prediction of the retention of
compressive residual stresses from shot peening in high
temperature applications such as high performance
gearing and turbine engine components for both failure
analysis and design.
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Fig. 7 - Measured resdua macro-stress after short time
annedling in salt baths of different temperatures and relaxation
curves modeled using the numerical stress-transient method
based on an Avrami approach. Ref. (25)

Momentary overload is commonly observed to upset
and alter the dtate of residua stresses. Vohringer has
developed a model alowing prediction of the change in
residual stress at the surface of a component as a result
of plastic deformation. The residual stress and yield
strength of the materia in the current state and in each
layer beneath the surface is incorporated into a finite
element model alowing prediction of changes in surface
resdua stress. An example showing the change in the
surface axial residual stress on 4140 shot peened steel in
different heat treatments is shown in Figure 8. The
model allows prediction of residua stress redistribution
by subsequent deformation as in split-deeve cold-
expansion of reamed holes, overload of turbine disk
bores at high RPM, and compressive overloading of shot
peened components.

Cyclic loading causes residual stress relaxation for
aternating stresses significantly above the endurance
limit. Vohringer has proposed a model describing the
fraction of the initia residual stress remaining on the
surface of a part exposed to cyclic loading as a linear
function of log N, where the slope and intercept can be
described by material dependent constants, which
depend upon the stress amplitude. The model has been
applied to both fully reversed bending and axial loading
fatigue. Therelaxation of surface axial residual stressin
shot peened 4140 stedl as a function of cycles is shown
in Figure 9. After redigtribution of stress on initia
loading, the surface stress follows alinear reduction with
log N, until near failure.
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Fig. 8 - Axial macro-residud stress in differently heat treated
and shot peened samples as a function of the quasi-static
loading stress. Ref. (25)
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Fig. 9 - Axid macro-residual stress of quenched and tempered
samples as a function of the number of loading cycles for
various applied stress amplitudes. Ref (25)

In failure analysis, the surface residual stress could be
compared to areas of the specimen which were in a
comparable state of residua stress prior to cyclic
loading in order to estimate either the effective cyclic
load or the number of cycles of exposure, if the other is
known. Applicationsinclude prediction of relaxation of
residua stresses under known cyclic loading in design
and failure analysis.
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CONCLUSIONS

A brief theoreticad development and discusson of
sources of error shows that the plane-stress model of x-
ray diffraction residua stress measurement is the
practical approach for engineering applications such as
falure anayss and process development.
Nondestructive surface residua stress measurements are
inadegquate for most applications because of errors
inherent in uncorrected surface measurements, lack of
correlation between surface stresses and the processes
which produce them, and the need to know the
subsurface peak residual stress to determine the effect on
fatiguelife.

The diffraction peak width obtained during residual
stress measurement can be used to predict materia
properties such as hardness, percent cold work, and
yield grength with high spatial and depth resolution.
Current applications include detection of surface
deformation producing softening of steels, measuring
case depth with stress in induction hardening and
increases in yield strength of machined surfaces of work
hardenable aloys.

Recent developments in the prediction of residual stress
relaxation using x-ray diffraction data have been
successfully applied to predict thermal, cyclic, and
single cycle upset relaxation of shot peened steels, and
promise to become increasingly important tools in
design, failure analyss, and process development
studies.
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