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ABSTRACT

X-ray diffraction is a non-destructive method used for strain measurements in

crystallinematerials. Conversion of strain to stress can be achieved using the X-ray

elastic constants (XEC), s1 and �s2. The sin2w method was used during in situ

loading to determine XEC for flake, vermicular, and spherical graphite iron.A fully

pearlitic steelwasused as reference.Uniaxial testingwas conducted on the cast iron

to create a homogeneous strain field, as well as four-point bending in both tension

and compressiondue to the tension/compression asymmetry. The commonly used

XEC value �s2 = 5.81 9 10-6 MPa-1 is theoretically derived from an a-Fe single

crystal. When investigating materials that contain ferrite, such as polycrystalline

cast iron, this value is not accurate. Determination of an effective XEC for poly-

crystalline cast iron yields a better correlation between the measured microstrains

and theproperties observedonamacroscopic scale. Theneed for an effectiveXEC is

evident, especially when it comes to model validation of, for example, casting

simulations. Effective XEC values have been determined for flake, vermicular, and

spherical graphite iron. The determined value is lower than the theoretical value.

Introduction

Laboratory X-rays are used to measure surface resid-

ual stresses (RS) in polycrystalline metallic materials.

X-ray diffraction (XRD) is a non-destructive, reliable

method to measure RS. The stress distribution descri-

bed by the two principal stresses r1 and r2 that exist in
the plane of the surface, assuming no stresses per-

pendicular to the surface r3 = 0, is illustrated in Fig. 1.

However, a stress component exists perpendicular

to the surface due to the Poisson’s ratio, m, contraction
caused by the two principal stresses. It is therefore

possible to establish the expression for the strain, euw,
defined by the two angles u and w seen in Fig. 1

according to:

eUW ¼ 1þ m
E

r1 cos
2 Uþ r2 sin

2 U
� �

sin2 W

� �

� m
E

r1 þ r2ð Þ
h i

; ð1Þ

where E is the Young’s modulus.

When w is 90�, the strain vector lies in the plane of

the surface, giving the surface stress component ru
according to:

rU ¼ r1 cos
2 U

� �
þ r2 sin

2 U
� �

: ð2Þ
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Substituting Eq. 2 into Eq. 1 yields the surface

strain at an angle u away from the principal stress r1
according to:

eUW ¼ 1þ m
E

rU sin2 W

� �
� m

E
r1 þ r2ð Þ

h i
: ð3Þ

Since duw is the spacing between the lattice planes

measured in the directions defined by u and w, the
strain can be expressed according to:

eUW ¼ dUW � d0
d0

: ð4Þ

For the non-expert reader, we have now reached

the point where it is possible to describe the rela-

tionship between the lattice spacing and the biaxial

surface stresses, according to:

dUW ¼ 1þ m
E

� �

hklð Þ
rUd0 sin

2 W

" #

� m
E

� 	

hklð Þ
d0 r1 þ r2ð Þ þ d0

� �
; ð5Þ

where 1þm
E

� �
hklð Þ¼ 1=2s2 and m

E

� �
hklð Þ¼ s1 which are the

X-ray elastic constants (XEC) for the measured lattice

spacing dhkl.

Residual stresses can be measured utilizing the

sin2w method. Using the sin2w method is beneficial

since the unstressed lattice spacing (d0) can be

unknown. Instead of d0, d ? is utilized and is taken

from when the specimen is perpendicular to the

diffraction plane assuming plane stress condition at

the surface, resulting in errors \ 0.1% for RS deter-

mination [1–4]. Substituting d0 with d ? yields a

negligible error for the elastic strains,\ 0.1%, differ-

ence between the true d0 and d at any w angle. Since

d0 is a multiplier to the slope in the d versus sin2w
plot, the total error introduced by this assumption in

the final stress value is \ 0.1%, which is negligible

compared to the error introduced by other sources.

Conversion of strain to stress can be achieved using

the XEC s1 and �s2. The commonly used XEC values

s1 = - 1.26 9 10-6 MPa-1, �s2 = 5.81 9 10-6

MPa-1 are theoretically derived from an a-Fe single

crystal using the Voigt model [1]. Deformation and

alloying elements can affect the XEC by resulting in a

higher or lower value [3]. Hauk and Wolfstieg [5]

suggested that the XEC value decreases with

increasing tensile surface stresses in grey cast iron.

They also showed that different values should be

used for tensile and compressive RS. It is commonly

assumed that the XEC for grey cast iron can be used

for all types of cast iron. In this work, a test series was

developed in order to derive more accurate XEC for

flake, vermicular, and spherical graphite iron, in

order to show and prove that this might not give the

most accurate results. The effective XEC for the three

different cast iron specimens were determined under

different testing conditions. Due to the material ten-

sion/compression asymmetry and nonlinear elastic

behaviour, both uniaxial and four-point bending

were utilized. How XEC varies in cast iron needs

more investigation, as well as XEC determination in

both tension and compression.

Experimental procedures

Uniaxial XEC determination was conducted using

ASTM E1426-98 as a guideline, fulfilling the majority

of recommendations, as cast iron does not exhibit a

linear elastic behaviour. For four-point bending, XRD

data collection cycles were reduced to two, but

retrieving more data points than that recommended

in ASTM E1426-98. To remove the effect of surface

stresses and strain hardening, all samples were

carefully polished. To verify that no surface stresses

were still present or induced by the cutting and/or

polishing, RS measurements were taken post-polish-

ing before preloading. Preloading was conducted in

order to homogenize the stress state of the sample.

All samples were preloaded using fifteen cycles.

Three types of cast iron were used: flake, vermicular,

and spherical graphite iron. An eutectoid steel was

used as reference. All material used was stress-re-

lieved by the manufacture before machining. Basic

material characteristics are presented in Table 1.

A calibrated load cell was used during uniaxial

testing with strain gauges attached on the backside of

the sample, non-diffracting side. With the strain

εΦΨ
Ψ

σΦσΦ

dΦ0 σ2 σ1

σΦΦ

dΦΨ

Figure 1 Plane stress elastic model.
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gauges, it is possible to detect a linear elastic beha-

viour, necessary for a proper evaluation of the XEC.

For the four-point bending test rig, only strain gauges

were used inside the X-ray machine, since no load

cell could be used. Instead, the applied stress versus

strain curve was determined by inserting the small

test rig in a Instron 5582 tension/compression testing

machine, where the load was recorded by the Instron

load cell and the strain was determined by the strain

gauges attached on the non-diffracting side of the

four-point bending specimens. In this way, it is pos-

sible to determine the linear elastic behaviour.

X-ray measurements were taken using a four-circle

goniometer Seifert X-ray machine, equipped with a

Cr tube. Evaluation of RS was conducted using the

sin2w method [1] with the a-Fe {211} diffraction peak,

at 2h & 156.5�, initially by using the theoretical XEC

of �s2 = 5.81 9 10-6 MPa-1. A ø 2-mm collimator

was used. Peak position was calculated using a

double pseudo-Voigt curve fit. Equidistant sin2w
values ranging between ± 55� were used.

Uniaxial test specimens measuring 3 9 8 9 50 mm

were preloaded in a the Instron 5582 machine using

15 triangular cycles and a load rate of 3 kN/min,

with a minimum load of 0.1 kN. The maximum load

differs for the three cast iron specimens, approxi-

mately 50% of the tensile strength for flake and ver-

micular graphite iron, and 75% of the yield strength

for spheroidal graphite iron. Four-point bending

specimens measuring 7 9 14 9 125 mm were cycli-

cally preloaded with 10–15 cycles directly in the four-

point bending rig. The preloading level was chosen to

be in the range of the materials fatigue strength.

Calculating the slope of an XRD stress versus

applied stress curve gives a ratio of how much the

theoretical XEC �s2 needs to be modified. This

modification yields an effective XEC.

For microstructural investigation, scanning elec-

tron microscopy (SEM) techniques such as electron

backscatter diffraction (EBSD) and electron chan-

nelling contrast imaging (ECCI) [6, 7] were used in a

Hitachi SU-70 field emission gun scanning electron

microscope. The EBSD analysis was conducted using

1 lm step size; a more detailed description of the

setup is given in [8].

Results

As-cast microstructure (a–c) and orientation imaging

maps (d–f) of the three cast iron specimens are

illustrated in Fig. 2, where the flake graphite iron

exhibits a fully pearlitic matrix with a grain size of

60 ± 20 lm and a flake length of ~ 100 lm. Grain

size of the vermicular graphite iron was 40 ± 30 lm,

of which 90% of the grains are fully pearlitic and 10%

of the grains are fully ferritic. A negligible amount of

spherical graphite’s could be found in the vermicular

graphite iron. The spherical graphite iron had a fully

ferritic matrix, with a grain size of 35 ± 10 lm and

nodule size of ~ 10 lm.

The dependence of duw versus sin2w at different

loads is shown in Fig. 3, where the small points of

intersection seen for all materials tested display good

repeatability, accuracy, and reliability in measuring

dspacing variations at different loads using the sin2w
method. The intersection point of the curves also

corresponds to the strain-free direction, which is

independent of stress state.

Figure 4a shows how measured XRD stresses cor-

respond to applied stress for the three cast iron

specimens in uniaxial tension testing. A comparison

of XRD stress versus e and applied stress versus e for
the four-point bending data is illustrated in Fig. 4b,

where empty markers represent XRD data and solid

markers the Instron data. Linear fits were done in

order to estimate the linear relationship, using the R2

value as a measure of linearity. Slopes of the linear

fits and corresponding R2 values for the cast iron are

tabulated in Table 2. The calculated effective XEC are

tabulated in Table 3, showing that the type of testing

method does not seem to influence the results. The

Table 1 Basic characteristics of material studied

Graphite type rys (MPa) UTS (MPa) Elongation (%) Pearlite matrix content (%) Graphite area fraction (%)

Flake – 290 \ 1 100 11
Vermicular 150 420 2–4 90 11
Spheroidal 510 600 10 0 9.5
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Figure 2 Microstructural morphology of a flake, b vermicular, and c spheroidal graphite iron, and orientation imaging maps of d flake,
e vermicular, and f spheroidal graphite iron.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3 The duw versus sin2w at different loads for a–c uniaxial testing, d–f four-point bending in tension, and g–i four-point bending in
compression for flake, vermicular, and spheroidal graphite iron, respectively.
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calculated effective XEC of the pearlitic steel is well in

line with the literature [3, 5, 9, 10].

Discussion

Graphite morphology and matrices are illustrated in

Fig. 2a–c for the three cast iron specimens. EBSD

analysis, shown in Fig. 2d–f, was conducted enabling

grain size determination. The average grain size for

the three cast iron specimens was\ 80 lm. A 2-mm

collimator means that the spot size would have a

diameter of at least 2 mm not accounting for beam

divergence. Thus, the irradiated area is roughly

3.1 mm2 in size. To get a reliable RS measurement,

the gauge volume should comprise at least 50 grains.

Assuming a grain size of 80 lm results in approxi-

mately 600 grains within the gauge volume and

yields more than enough grains within the diffraction

spot for accurate RS measurements.

(a) (b)

Figure 4 From left to right are data for flake, vermicular, and
spheroidal graphite iron, respectively. a XRD stresses plotted
against the applied stress for the uniaxial tension configuration.

Every dashed support line on the x-axis represents 100 MPa.
b Comparison of Instron and XRD load versus strain data for four-
point bending. Every line on the x-axis represents 0.05% strain.

Table 2 Curve-fitting parameters for uniaxial tension testing as well as the observed Young’s modulus from X-ray machine and Instron
together with their respective linear fit parameter for the materials and test method used

Test method Flake Vermicular Spheroidal

XRD Instron XRD Instron XRD Instron

Uniaxial tension y = 0.898x
R2 = 0.996

– y = 0.882x
R2 = 0.998

– y = 0.925x
R2 = 0.993

–

Four-point bending in tension 110 GPa
R2 = 0.993

127 GPa
R2 = 1.000

149 GPa
R2 = 0.998

160 GPa
R2 = 1.000

179 GPa
R2 = 0.999

163 GPa
R2 = 1.000

Four-point bending in compression 109 GPa
R2 = 0.995

121 GPa
R2 = 1.000

147 GPa
R2 = 0.999

158 GPa
R2 = 1.000

174 GPa
R2 = 0.999

190 GPa
R2 = 1.000

Table 3 Determined effective XEC (�s2) for the a-Fe {211} given in 9 10-6 MPa-1

Test method Flake graphite
iron

Vermicular graphite
iron

Spheroidal graphite
iron

Pearlitic
steel

Theoretical value
(Voigt) [1]

Uniaxial tension 5.22 ± 0.05 5.12 ± 0,05 5.37 ± 0.05 – 5.81
Four-point bending in tension 5.03 ± 0.05 5.41 ± 0.05 6.38 ± 0.05 6.00 ± 0.05 5.81
Four-point bending in
compression

5.23 ± 0.05 5.41 ± 0.05 5.32 ± 0.05 – 5.81
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Maximum applied load during XEC calibration,

according to ASTM E 1426-98, should be equivalent

to 75% of the yield strength. Due to the nonlinear

elastic behaviour of cast iron, e.g. flake and vermic-

ular graphite iron, the guidelines given in the stan-

dard are not easily fulfilled. To make cast iron appear

more like a linear elastic material, cyclic preloading is

implemented. Preloading is used to initiate microc-

racks homogeneously throughout the testing volume.

After initiation, microcracks will propagate slowly

(depending on load level), exhibiting a more ‘‘steady-

state’’ hysteresis loop. Since preloading results in a

more linear elastic behaviour, the guidelines given in

ASTM E 1426-98 will be more fulfilled. The change in

strain behaviour is of less importance during

preloading. Since it is the linear elastic area, which is

of interest, only two cycles were needed to achieve a

linear elastic behaviour. However, according to

ASTM E 1426-98, XEC should be determined utilizing

several load cycles, to ensure that the effective XEC

do not vary as an effect of cycling. A total of 10–15

preloading cycles were implemented, instead of

analysing the effective XEC for each load cycle until

the XEC did not change between cycles. The amount

of damage introduced in the material via cyclic

preloading was not significant because no change

could be seen in the linear elastic response between

load cycle two and ten. By doing this, cast iron can be

treated as a linear elastic material, thereby reducing

errors in effective XEC determination. The preloading

level was chosen to be in the range of the materials

fatigue strength; thereby we can assume that the

amount of microcracks is limited.

Little and no clear information regarding specimen

surface integrity is reported in the literature. Surface

integrity can affect the effective XEC as shown in [5].

Careful grinding and polishing of the test specimens

were conducted. By grinding and polishing, the effect

of strain hardening is diminished giving a more

correct effective bulk XEC parameter. Fundamental

errors [1, 3, 4] such as strain gradients within the

gauge volume are also reduced by grinding and

polishing. Post-polishing RS measurements were

taken to establish that a stress-free gauge volume had

been achieved. However, this was not fully achieved

for the spheroidal graphite iron subjected to four-

point bending in tension.

Normally it is assumed that the same gauge vol-

ume has been used. This can be controlled by looking

at how well the dspacing versus sin2w linear fits

intersect. Figure 3 illustrates well defined intersecting

points for all cast iron and methods used. This can be

interpreted that more or less the same gauge volume

was measured every time. Since the material is

inhomogeneous, using the same gauge volume

increases the RS versus applied load linearity. The

linear relationship between RS and applied load is

illustrated in Fig. 4 and tabulated in Table 2. If a

correct XEC value was used, the slope would be one;

if not, the correction factor would be the slope.

In order to get an accurate applied load value for

the four-point bending, the four-point bending rig

used in the XRD machine was transferred to a servo

electric Instron 5582 tension/compression testing

machine with a calibrated load cell. By doing this, we

were able to compare XRD stress versus strain with

that measured using a conventional tension/com-

pression testing machine, seen in Fig. 4b. The slopes

of the linear fits for the XRD and Instron data would

be the same if the correct XEC value was used. If not,

a correction factor can be derived by comparing the

Young’s modulus retrieved from the XRD data with

the Instron data. The different Young’s modulus

values used are listed in Table 2 together with linear

least-square fitting parameter.

Derived XEC values are compared in Table 3. Flake

and vermicular graphite iron show a lower effective

XEC value than the theoretical value. Flake and

spheroidal graphite iron show the same behaviour

regarding the effective XEC variations for the uniax-

ial and four-point bending in compression. Vermic-

ular graphite iron showed the same behaviour but for

the four-point bending in tension and compression.

In a perfect world, we could assume that, regardless

of testing method, the effective XEC would be the

same for each material.

For the flake graphite iron, there was a small dif-

ference in effective XEC when comparing the three

tested methods. Four-point bending in tension

showed the smallest derived value. This is most

likely due to a bending-induced movement of the

specimen. Flake graphite iron exhibits the most

nonlinear elastic behaviour of the three different cast

iron specimens; despite this, it shows the smallest

variation in effective XEC of the three cast iron

specimens. This gives rise to the expectation that the

effective XEC of vermicular and spheroidal graphite

iron would deviate less than that of the flake graphite

iron. This means that the same effective XEC should

be derived regardless of testing method.
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Two different castings were used for manufactur-

ing vermicular graphite iron test specimens. One

casting was used for the uniaxial testing specimen

and the second casting for the specimens subjected to

four-point bending. As seen in Table 3, the effective

XEC overlap each other for the four-point bending

specimens. A small difference in effective XEC can be

seen between the two castings. The most probable

explanation for the small difference would be dif-

ferent chemical compositions and microstructural

morphology, e.g. graphite shape and size.

The value derived from four-point bending in

tension for spheroidal graphite iron differs from the

uniaxial tension and four-point bending in compres-

sion testing. All spheroidal graphite iron specimens

originate from the same casting; consequently, they

have the same chemical composition. After four-

point bending in tension, the specimen showed more

compressive RS and a larger FWHM value than the

specimens used for uniaxial tension and four-point

bending in compression. Strain hardening induced

by machining is the most probable explanation for

the deviation of effective XEC.

The derived effective XEC value for the pearlitic

steel was well in line with that reported in the liter-

ature [3, 5, 9–11]. This validates that the experiments

and calculations were performed correctly.

Determining correct effective XEC of cast iron

should be done with care. Due to possible errors such

as changes in the hysteresis loop, gauge volume,

bending translation, chemical composition, and strain

hardening, correct effective XEC are needed in order

to validate models and simulations. More research

investigating surface integrity effects as well as steep

strain gradients is needed.

Conclusions

• The same effective XEC should be derived

regardless of testing method.

• The following error sources should be considered

when deriving effective XEC: changes in the

hysteresis loop, gauge volume, bending transla-

tion, chemical composition, and strain hardening.

• Cyclic preloading is important to perform until

the hysteresis loop reaches a ‘‘steady-state’’ con-

dition, due to the nonlinear elastic behaviour of

cast iron.

• The derived effective XEC values are lower than

the theoretical.

• All three cast iron specimens exhibited similar

effective XEC value.
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