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Abstract

The X-ray diffraction technique for determining residual stresses in construction steels has been commonly used in the inter-
national scientific community for decades. Taking advantage of the concepts on which the technique is based, the authors
have previously calibrated and used the technique for the in situ determination of the stress states of metallic structures in
service. This article presents an advance in the latter utility by means of the laboratory calibration of the X-ray diffraction
technique in corrugated steel. The interaction between radiation and steel is complex, so, in the scientific community, it is
considered pertinent to resort to empirical and experimental calibration processes. Two bars of corrugated steel were sub-
jected to increasing tensile loads. The load states introduced in the testing machine were compared with those determined by
X-ray diffraction. The correlation between the values of the loads applied and those determined by the proposed technique
is excellent. The experimental conditions of the calibration tests are precisely detailed so that they are easily reproducible.

This work represents a necessary first step in employing the technique in the buildings or civil works.
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1 Introduction

Since its commercialization at the end of the 1970s, specific
laboratory equipment that uses the X-ray diffraction tech-
nique to quantify residual stresses has been widely used in
the scientific community. In the 1980s, many scientific con-
tributions were presented in this field of research (Atienza
et al., 2006, 2012; Beck et al., 1989; Elices et al., 1983;
FIP-78, 1978; Fujiwara et al., 1992; He et al., 2003; Mach-
erauch et al., 1987; Willemse et al., 1982) for the aeronaut-
ics, automotive, railroad and construction (prestressed steel)
sectors. The ASTM, originally known as American Society
for Testing and Materials, has published several updates to
the standard for the quantification of residual stresses by
X-ray diffraction (ASTM E2860-12, 2012; ASTM E1426-
14,2014; ASTM E915-16, 2016). This type of stress, which
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naturally originates in the processes of preparing and shap-
ing any metallic element, was initially considered harmful
or anomalous because it altered the state of the stress of a
structure in service. The manufacturing processes of steel
were developed so that a high level of compressive stresses
was intentionally applied to inhibit the appearance of surface
cracks. These processes, such as shot peening, protect metal-
lic components against the phenomena of fatigue, corrosion
under stress and corrosion fatigue (Artaraz & Séanchez-
Beitia, 1991; McClung, 2007; Noyan & Cohen, 1987; Ruiz
et al., 2003).

In cases in which it is necessary to know the stress state of
a structure in service, it is necessary to develop nondestruc-
tive techniques and methods that are applicable in situ. An
added problem is that it is, usually, not possible to load or
unload the structure to perform comparative measurements.
In the international scientific community, it is assumed
that X-ray diffraction can resolve this problem in metallic
components.

This article presents the first phase for the use of the X-ray
diffraction technique in reinforced concrete structures. Two
corrugated steel bars with diameters of 20 mm were tested
in the laboratory. The steel type is ferritic-pearlitic of B400S
quality according to the standard UNE 36068 (2011), with
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a conventional shape (ribbed bar) provided by the manufac-
turer and without any treatment prior to the tests. Initially,
the residual stresses on the unloaded bars were quantified.
Subsequently, they were subjected to various known load
stress levels, and the stress state was quantified by diffraction
in each load state. The tests were performed in the labo-
ratories of the School of Civil Engineering of University
of Minho, in Guimaraes (Portugal). The X-ray diffraction
equipment available for in situ work was moved from the
laboratories of the two first authors.

2 Formulation and Concepts of the X-ray
Diffraction Technique

This technique is based on the detection of the separation “d”
of the crystallographic planes of the crystallization phases
as a function of the stress value. In the case of steels, these
phases can be ferrite, austenite or martensite. The separation
of the crystallographic planes can be considered the strain
gage of the technique (Bhadeshia, 2002; Castex et al., 1981;
Hilley, 1971; Withers & Bhadeshia, 2001a, 2001b). The phe-
nomenon of X-ray diffraction is a “reflection” of incident
radiation on crystallographic planes that occurs only for a
given angle of incidence. They must be understood under
the postulates of quantum mechanics and as being different
from a conventional reflection, which occurs for any angle
of incidence. The relationship between the angle of the dif-
fracted radiation and the separation of the crystallographic
planes of the sample is defined by the Bragg diffraction law:

2d,sin 6, = nA (1)

where n is the diffraction order, A is the wavelength of the
radiation and d;, and 0, are the separation of the crystal-
lographic planes and the diffraction angle in the samples
not subjected to loading, respectively (Fig. 1). No diffracted
radiation was detected in any direction other than 6,

Steel can be defined as a polycrystalline and polyphasic
material consisting of a solid carbon solution in a crystal-
line iron lattice. The steel is solidified in cells called grains
with variable diameters (usually between 5 and 20 microns).
Each grain is a monocrystal with its crystallographic planes
of interest oriented randomly with respect to the adjacent
grains. Only a small portion of the grains affected by the
radiation contribute to the generation of the diffraction phe-
nomenon. Figures 2 and 3 show two diagrams of the diffrac-
tion phenomenon in a single-phase steel.

A stress state is manifested by a new value of the sepa-
ration of the crystallographic planes “d,,” with respect to
the value in the unloaded situation “d,” and consequently a
variation of the diffraction angle “6,,,” with respect to “”,
according to Bragg’s law. The ¢ and y angles define the

Fig. 1 Diagram of the diffraction phenomenon
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Fig.2 Diagram of the diffraction phenomenon on the grains with
their crystallographic planes of interest (marked in red) parallel to the
surface of the sample. (Color figure online)

spatial arrangement perpendicular to the crystalline planes
that contributes to diffraction (Figs. 3 and 4) in the main
reference system ( {X 1X5,X5 } )

Differentiating by Bragg’s law, the following relationship
is obtained:

dg, —dy

—— ~ —cot 00(6,,, — 6o) )
0

The diffraction technique identifies the deformation €,
in the direction defined by the angles @ and y with the
first term of the previous expression. Given that steel is a
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Fig.3 Diagram of the diffraction phenomenon on the grains with
their crystallographic planes of interest (marked in blue) not parallel
to the surface of the sample, which contributes to diffraction. (Color
figure online)
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Fig. 4 {X1X2X3} represents the principal state of the stress system,

while the direction of g, is coincident with the direction perpendicu-

lar to the plane diffraction

continuous, homogeneous and isotropic material (in most
situations except for very specific cases of steels with a crys-
tallographic texture) and that the stress gradient is reduced in
the area affected by radiation (a surface circle with a diam-
eter of 2 mm and a depth of 0.1 mm), Hooke’s law can be
used to deduce the following expression:

1+v .2 %
Epy = T O, SIN" Yy — E(O'“ —0'22) 3)

where v is the Poisson coefficient, E is Young’s Modulus
for steel, 6, the stress in the direction defined by the angles
¢ and y=m/2, and the terms o,; and c,, are the principal

stresses. The term 6, is expressed as follows:

@ Springer

The slope of the line of g, vs. sin? y (Eq. 3) allows the
stress 6, to be obtained on the surface of the sample, known
as its elastic constants. The above expressions can be refor-
mulated as follows:

0,, =0y +1/Cc, sin® y + 1/2C2(0'” + 0'22) )
where
C, = 1+v tan 6, 6
1= F o (6)
C,=~<tan®
2= planty (7

Expressions (3) and (5) are two versions of the “sin® law”.
In areas close to the surface, the stress state can be consid-
ered to be a plane stress state (633 =0). In standard X-ray
diffraction equipment for the quantification of stresses, 0,,,,
values are recorded for various inclinations y (goniometer
scan) for a predetermined value of the angle ¢ (Fig. 5). The
software of these devices obtains a value of 6, through a
least squares adjustment.

X-ray diffraction is sensitive to the parameter that identi-
fies the stress state, which in the present case is the variation
of the distance “d” between the crystallographic planes of
the material. The X- rays do not make a distinction between
the residual stresses and the stresses resulting from the

Fig.5 Position of the X-ray emitter in the goniometer scanning pro-
cess (circular element in the image). Its inclined position is observed
perpendicular to the bar
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applied loading (Sinchez-Beitia, 2011). In the latter case,
the stresses determined by X-ray diffraction will be the sum
of the residual stresses and those applied to the structure
(i.e. in service). Both values can be obtained by appropriate
tests as explained below. The residual stresses are obtained
by applying the technique to elements that are not subjected
to external loads, either a sample of the material extracted
from site or a sample of the material available in the market.
The actual stresses in service can be determined by apply-
ing the in situ technique. Once the total stresses are known,
it is possible to obtain the structural stresses by subtracting
the residual stresses from the total stresses (Sanchez-Beitia
& Barrallo, 2014). Figure 6 shows a diagram of both stress
states.

This process has been used by the authors to quantify pre-
stressed steel structures and metal bar structures. First, the
laboratory calibration of the X-ray diffraction technique was
performed on smooth bars and wires (Sanchez-Beitia, 1988,
2011). Subsequently, the stress states in the Bizkaia Bridge,
a World Heritage Site, were determined (Sanchez-Beitia &
Barrallo, 2014). The scientific equipment used is the same in
both cases under two arrangements: laboratory (Fig. 7) and
in situ work (Fig. 8). In the first case, the equipment allows
programmed variations of the angles ¢ and , while in the
in situ disposition, it only makes automated turns in y (the
¢ variations must be done manually).

The interaction between radiation and steel that deter-
mines the stress states is complex due to several factors.
If the crystallographic planes are identified by their Miller
indices {hkl}, the elastic constants will be linked to them

Fig.6 Schematic diagram of o4
the residual and structural stress
values (left) and the sum of both
states (right) as a function of

sample depth. The area affected

O structural

Fig.7 Arrangement of the equipment in the laboratory

by defining the constants defined as v{hkl} and E {hkl}. On
the other hand, as already mentioned, only a small part of
the volume of a material affected by radiation contributes to
diffraction. This situation suggests that the determined stress
states are those of that small proportion, not of the mate-
rial as a whole. Both questions can be solved by complex
experimental and mathematical processes (Barral, 1983;
Hilley, 1971; Kroner, 1958; Reuss, 1929; Sanchez-Beitia,
1990; Sprauel, 1988; Voigt, 1910). However, an alternative
solution for obtaining the stress states with excellent results
is to perform empirical experimental processes. This is the
calibration process performed in this article.

O sum

by the residual stresses is
approximately 0.5 mm

Depth Depth

O residual

0,5mm

0,5 mm
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3 Tests and Results
3.1 Taring Process of the Equipment

The equipment used in the tests was previously tared on
a powder sample (Fig. 9) with a stress state of zero. The
sample was supplied by the manufacturer of the diffrac-
tion equipment and consisted of a compacted ferritic steel
powder (E=211,000 MPa, v = 0.3 and 26,,=156.45°). This
process allowed us to define some basic conditions of the
diffraction process that were used in all subsequent tests
and ensure that the equipment was in perfect condition. In
this type of steel, the crystallographic planes of interest are
defined by Miller indices {211} that generate the first order
of diffraction (n=1), in the Bragg diffraction law. The equip-
Fig.8 Portable arrangement of the equipment on the Bizkaia Bridge ~ Ment makes successive measurements automatically while
at a height of 60 m varying the geometric parameters of diffraction until the
stress value is the “best” possible.

The radiation is defined as CrKa (wavelength:
A=0.2291 nm) with an excitation voltage of 29.4 kilovolts
and an intensity of 3.06 milliamps. The distance from the
source of the radiation to the powder sample was 14.54 mm.
The number of inclinations of the sweep “y” over which
the “sin® law” was applied was nine (four in positive incli-
nations and four in negative inclinations plus the vertical
position), and diffracted radiation was collected for 5 s in
each inclination. The diffraction peaks generated during this
period of time presented a “full width at half maximum”
(FWHM) of 3.105+0.061 degrees of the angle 6,,, in all
cases. This parameter indicates the quality of the diffracted
radiation; the lower its value is, the lower the margin of error
of the diffraction angle values (A20) is, and therefore, the
lower the error are in the obtained stresses. Its value depends
on the number of grains diffracting and the vibration in the
working environment. The conditions of the diffraction pro-
cess that “best” approach a zero value of stress (o) for an
angle 20,=156.45° are shown in Table 1. "the lower the
error are in the obtained stresses" and "the number of grains
diffracting".

Fig.9 Detail of the calibration process on a powder sample. The “A”
and “B” radiation detectors identify the angle of the diffracted radia-
tion (20,)

3.2 Determination of Residual Stresses

The second experimental step consisted of quantifying the
residual stresses on two corrugated steel bars (Figs. 10 and

Table 1 Values of the diffraction conditions on a powder sample

Radiation  Voltage (kV) Intensity (mA) “D” (1) Angles y (2) “T”(3)  Stress state (MPa) FWHM (°)

CrKa 24.9 3.06 14.54 0,+/-18.7,4/-27,4+/-33.8,4+/—40 5 224/-8,8 3.105+4/-0.061

The programmed and determined parameters are indicated in the first row
(1) Distance from the X-ray emitter to the sample (mm). (2) Scanning angles y (°). (3) Radiation time at each inclination  (s)
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Fig. 10 Detail of the quantification process of the residual stresses in
one of the analyzed bars. The sweep y of the goniometer is perpen-
dicular to the plane of the figure

Fig. 11 Overview of the process of determining the residual stresses

11) that were subsequently loaded in tension. Previously, the
area affected by radiation was cleaned by a light electrolytic
polish, a technique that does not introduce external stresses.

The quantification process of the residual stresses was
repeated several times by changing the position of the bars
on the laboratory bench and starting the equipment in each
case. The corrugated steels have a ferritic-pearlitic micro-
structure in which only the ferritic phase contributes to the
diffraction. The general characteristics of the analyzed steel
correspond to the B400S quality according to Norms UNE
36068 (2011) and UNE 36065 (2011). The modulus of elas-
ticity and the Poisson coefficient are 210,000 MPa and 0.28,
respectively.

The value of the residual stress in all cases is approxi-
mately 280 MPa in compression (values with negative
signs) in the direction of the bars (¢p=0 in Tables 2, 3 and
4) with very low scatter. The equipment returns values for

Table2 Experimental data of the quantification of the residual
stresses in Bar 1

Angle y (°)  dg, (nm)  FWHM (®  Residual stresses 6™! (MPa)
Bar 1

0 0.117127 3.12

—18.7 0.117101 3.21

=27 0.117079  3.35

—33.8 0.117054 3.49

-40 0.117038  3.69 —280.9 +14.7
18.7 0.117116  3.16

27 0.117099 3.22

33.8 0.117079  3.30

40 0.117058 3.40

Table 3 Experimental data of the quantification of the residual
stresses in Bar 2

Angley (°)  d,, (xm) FWHM (") Residual stresses > (MPa)
Bar 2

0 0.117130  3.03

—18.7 0.117102 3.18

-27 0.117081 3.30

-33.8 0.117051 3.52

—40 0.117037 3.73 —279.7+ 20.4
18.7 0.117125 3.07

27 0.117106  3.17

33.8 0.117086  3.24

40 0.117068  3.36

Table 4 Repetition of the experimental data of the quantification of
the residual stresses in Bar 2

Angle y (°)  dg, (nm) FWHM (®  Residual stresses 6™ (MPa)
Bar 2 (repeated)

0 0.117128 3.04

—18.7 0.117099 3.19

—-27 0.117079  3.32

-33.8 0.117055 3.48

—40 0.117036  3.69 —279.5+18.8
18.7 0.117122  3.07

27 0.117105 3.16

33.8 0.117084 3.26

40 0.117062 3.35

the separation of the crystallographic planes (d,,) in the
nanometer (nm) range, and these values are directly related
to the diffraction angles (6,,,,) according to the Bragg diffrac-
tion law (Eq. 1). The residual stress values are lower than the
elastic limit (400 MPa) of the steel.
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Fig. 12 Positioning of the diffraction equipment before starting the
calibration process

Fig. 13 Arrangement of the diffraction equipment in the calibration
process

3.3 Calibration Tests and Experimental Results

Subsequently, the bars were subjected to various tensile
load states. The tripod of the equipment was supported on a
wooden support so that the bars could be mounted in a verti-
cal position; that is, the equipment was rotated 90° from the
location at which the initial residual stresses were measured
(Figs. 12 and 13). Before the loading process, the diffrac-
tion equipment was tared in situ once more with the bars
placed on the machine. In one case, the tare was performed
with the bar set by an initial preload in the traction machine
(Table 5), while in the other case, the bar was not previ-
ously fixed by the machine (Table 7). Tables 5 and 7 show
a comparison between the tensile load values applied in the
machine (¢™) and the stresses obtained by diffraction (¢¥).
Tables 6 and 8 show a comparison of the values of 6™ with
the stresses obtained by diffraction by subtracting the values
of the residual stresses (6™). The negative sign in Tables 5,
6, 7, and 8 indicates compressive stresses.

Figure 14 shows all the results obtained for both bars
(Tables 6 and 8). The experimental values are represented
with their absolute error, which is the sum of the error mag-
nitudes ¢* and 6™ (Tables 2, 3, 4, 5 and 7). The errors for the
magnitude applied in the machine (¢™) have not been taken
into account because their value (<2 MPa) is one order of
magnitude lower than the rest of the magnitudes involved in
the experimental work.

4 Discussion and Conclusions

The steel structural elements in a building are subjected to
two types of stress: the residual stresses from the manufac-
turing and finishing processes and those resulting from the
actual loads applied in the structural system. The proposed
experimental procedure enables the establishment of a pro-
tocol to determine both types of stresses using X-ray dif-
fraction. The methodology is completely nondestructive,
which is why it is particularly appropriate for the applica-
tion to structures in service. The experimental study car-
ried out here involves two research laboratories: the High
Technical School of Architecture of the University of the
Basque Country UPV/EHU in Spain and the University
of Minho (Department of Civil Engineering) in Portugal.
The loads applied on the machine by the researchers of

Table 5 Compar.isor.l between 6™ (MPa) Preload ™  Preload 6™ o™ o™ o™ o™ oM Unload o™
the stresses applied in the
. . repeated

machine (¢™) with those

obtained by diffraction (%) in +20 +20 +110 +190 +225 +260 4300 +20

Bar 1 o* (MPa) le le GXZ 6X3 Gx4 GxS GX6 GX7
-261 —264 —147 -74 -39 -5 +27 —250
+/—10 +/—-10 +-17  +/-10 +/-11 +/-9 +/-10 +/-11
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Table 6 Comparison between the stresses applied in the machine (6™) and those obtained by diffraction by subtracting the residual stresses in

Bar 1 (6*—o™)

o™ (MPa) Preload o™! Preload o™! repeated o™ o™ o™ o™ ™6 Unload 6™’
+20 +20 +110 +190 +225 +260 +300 +20
of— Grsl (MPa) le _ Grsl le _ Grsl GxZ —o" Gx3 _ Grsl 6x4 _ Grsl GXS _ Grsl Gxﬁ _ Grsl GX7 _ Grsl
+19 +16 +133 +206 +241 +275 +308 +30
In the last row, only the central values of the experimental measurements are shown
Table 7 Compar‘ismrl between o™ (MPa) o™ o™ o™ s ™ ™6 ol Unload ¢™8
the stresses applied in the
machine (6™) and those 0 +75 +150 +200 +230 +265 +310 +25
%t;;alzned by diffraction (G ) n o* (MPa) o_x] GXZ Gx3 0_x4 GX4 0_x6 GX7 O_XS
—287 —222 —151 —100 =73 -35 +12 -270
+/—-16 +/—12 +/-4 +/-17 +/-5 +/—-6 +/-9 +/-8

Table 8 Comparison between the stresses applied in the machine (¢™) and those obtained by diffraction by subtracting the residual stresses in

Bar 2 (6*—o™?)

o™ (MPa) Gml 6m2 Gm3 Gm4 Gm5 Gm6 Gm7 Unload 0.m8
0 +75 +150 +200 +230 +265 +310 +25

ot — GTSZ (MPa) 0_)(I _ GrsZ ze _ c51'52 GX3 _ 6[’52 GX4 _ GrSZ GXS _ GrsZ be _ GTSZ GX7 _ c;rs2 GXS _ c5r52
-8 +58 +129 +180 +207 +244 +292 +10

In the last row, only the central values of the experimental measurements are shown

350

300

250

200 *r= W

o™ 0" (MPa)

150

100
e Table 6

50— m Table 8

0 : i i i [ i 1

150 200 250 300 350

o" (MPa)

-50 -

Fig. 14 Correlation between the loads applied in machine ¢™ and the
differences 6* — 6™ in both bars

the latter university were unknown by the researchers at
the UPV/EHU at the time of estimating the same with the
developed procedure.

Once the residual stresses were determined, the stress
states applied in the laboratory tensile machine were
obtained by diffraction. The results for two bars of the
same material have been analyzed in this paper and, in all
cases, the values of the loads applied on the machine are
within the margin of error for the results obtained by dif-
fraction. The correlation between the experimental results
obtained by X-ray diffraction and the loads applied on
the machine is excellent. The absolute error in the val-
ues obtained by diffraction is related to the full width at
half maximum (FWHM) values of the diffraction peaks.
This means that the error found does not depend on the
stress values present in the material. At the same time, the
diffraction peaks are generated during the 5 s in which
the radiation detectors collect the information. A longer
exposure time at each position of the “y” angle does not
improve the quality of the diffracted radiation and does not
reduce the value of the FWHM parameter. Consequently,
by analyzing the values of the experimental errors, the
accuracy of the measureament increases when the stress
state is higher, which is important for practical applica-
tions (as the objective is to identify critical parts where the

@ Springer
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stresses are large). From 150 MPa onwards, the observed
relative error is lower than 10%.

These results obtained corroborate the usefulness of
the proposed technique. The natural continuation of this
research is the application to real structures in service
conditions, which require opening up reinforced concrete
structures and clear measurement areas. This is common in
the inspection and diagnosis of the condition of reinforced
concrete structures and is not understood as an important
difficulty in engineering applications.
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