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Outline

1. Theory of the different techniques

*  Sin?y and Cosa
. Multiple Exposure Technique (MET)
0 Single Exposure Technique (SET)
. Stress under applied load

Simulation of SET- sin>y, MET- sin’y and SET-Cosa.

Stress measurements on samples and 4-point bend specimen
Results and discussions

Conclusions
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Instrument evaluation and qualification
What 1s available?

Free-stress powder (normal and shear stress)

Shot peened high stress reference standards (normal stress, no shear stress)

Stress under uniaxial loading (relative change in stress)
Perform gauge R&R

Structure of an instrument

1. Goniometer geometry

2. Detector, X-ray source, optics

3. Software: peak location methods, SN (010 ) Bother options

www.protoxrd.com




pHDTD Improve your science

History of stress measurement simplified

. Two points using film or detector =» Normal stress o,

. Multiple points using detector (y+, Sin?y) =» Normal stress Gy

. Multiple points using detector (y+ and y-, Sin*y) =» Normal stress ,and
Shear stress 7, (1,5) (Standard documents)

. Cosa using Debye ring =» Normal stress 6,
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Measurement techniques

YaSPACE VaSPACE 72SPACE

Y-

SET = 1 side tilt SET Cosa: 1 side tiit MET = 2 sides multiple tilts
Vo W= and y,=yi- n, where n ~(1-20)/2.
« SET-Sin?y uses 2 y-angles with a single tilt position.

* SET-Cosa uses multiple angles around the Debye ring and one tilt position.

*  MET-Sin?y uses multiple angles distributed on 2 sides with y* and .
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Sin?¥ technique - MET-Sin?y technique O

/1 Nonmial to
hkl planes

] D, —D
e  Strain: £¢¢=JL“IH
0

011 012 013 €11 o
For triaxial stress state, g; j= (012 ) 023), €ij = <E12 N
013 033 033 €13
siny cosg
Calculate strains in the direction n; = | siny sing |, 4y = &;n;n;
o)

1+v

v
< 0ij T % (011 + 022 + 033)0;;

Hooke’s law for isotropic materials : &;; =
MET-Sin?y equation is:

1+v, . - - 1+v
Epp =~ 011C0S° P + 025N P + 01,€082¢ — 033)Sin“Y + £ 033

E
1+v

v
—T (011 + 095 + 033) + - (013708¢ + 0,35InPSin2yY

Both normal and shear stresses can be calculated when multiple tilts in both directions are
selected (w>0 and vy <0).

o;; =0, except (0,; 0,3)#0 because of the non-uniformity distribution of strain generated by

the process appliea
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In case of a single direction measurement, assuming g33 = 0 because of the shallow penetration of x-
rays, the equation can be written as :

1+v _ 1+v _ v
o = T L (04) sin® 3 + £ (tg)sin21) — 7 (011 + 022)

1+v

E E

Using elliptical regression:

epyp = Asin® + Bsin2¢ + C

0.a01
This model 1s exclusively used
i}
1n most stress software.
-0.001
|
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Change of D-spacing after applying a shear stress

y=-45 y=+45 y=-45 y=+45

D-Spacing

When shear stresses can be measured:

Heterogeneous materials
Non-uniform processes
Curved surfaces

Tilted surfaces
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Single Exposure technique (SET

D-5pacing

The Sin?y equation in this case can be
reduced to the following form for ¢p=0:
_ Ay E
17 Asin2y “M+v

points.

04 ) slope between 2

Only Normal stress can be calculated. D-Spacing

E T
Slope Max

Slope Min

www.protoxrd.com




pHDTD Improve your science
Cos-Alpha

011 012
* For triaxial stress state, g;; = (012 022
013 023
Hooke’s law for isotropic materials :
1+v v

€ij = — 0y — (011 + 02 + 033)0;;,

Calculate strains in the direction (g, o, @), Epy = &;jNiN;

cosn siny, + sinn cosy, cosa
where n; = | cosn sinyysing, + sinn cosyq singycosa + sinn cosgp, sina
cosn cosy, — sinn sinypycosa
* For ¢y=0:
cosn siny + sinn cosy, cosa
n; = sinn sina
cosn cosy, — sinn sinycosa
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* The Cos-Alpha equation is:

a, = E [(Ea g 87T+a) + (8—0( = gn—a)

1
a, = 2 [(en — En+a)is CEEE—

€ Enrep € and €, are the measured strains from the 4 sectors of the Debye ring.

o mTto? o

1+v
o (0115in2¢y + 20,3c052Y,)sin2n. Cosa
1+v . . ! . :
2 — (o128t + 20,3°0S5Y,)sin2n. Sina
This is the true correct equation that should be considered.

It 1s clear from these equations that the components 6,, and 65 cannot be separated and
that 6, and o, can be measured accurately only if 5,;=0 and c,,=0.
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If 013=0 and 0,3=0, (biaxial stress state), the previous equations are reduced to:
1+v

E
1+v :
Oy = 2— (018inY,

a, = — (011Sin2y, g

E

(14+v)sin2yysin2ny dCosa
E aaz

2(1+v).si  .sin2n dSina

(011) = —

(012) =

011 and o, are calculated by plotting the quantities
a,=f(Cosa) and the quantities a,=f(Sina).

This what the Cosa instruments use in the software. Is this acceptable?
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Applied loading:

* Under applied load, the stress equations become:

S _1tv A RS\ c; V(A RS
MET- Sin?y: e (011 + 047 )Slnzl/J o= (011 + 047

. Qi Ay gRSy = B %%
SET- Sin~y: (oi1t017) = 1+v 0Sin2y

. A RS\ __ - E 6a1
SET-Cosa: (oi1to17) (1+v)sin2y.sin2n dCosa

o{y : is the applied load.
o5 is the residual stress measured before loading.

(of,+0¥): is the total stress measured during the experiment .

6f(cr‘f‘1+clff
GICERY)

The slope of the measured stress versus applied stress is: m =
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1. Simulation:

a) Residual stress at different inclination angle ¥,,-'¥, was varied form 0° to 90°

b) Simulation for 2 stress conditions:
+500 +100 +100 +500 +50 +50
0;;(MPa) = <+100 +500 +100> and o;;(MPa) = ( +50 4500 +50>
+100 +100 0 +50 +50 0

Experiment - Simulation

Test under loading using 4-point bend specimen fabricated and tested according to ASTM E-1426. For

this carbon steel: XEC = 5.14.10°° MPa"!, Bragg angle 26=156°, E= 210 GPa.
Measured stress tensor on the 4-point bend specimen prior to loading:
—4+10 +6+7  —48+2
0;j(MPa) = ( +6+7 25810 542 )
—48£10  —5+2 0+6
. Experiment
* Residual stress measurements on: Aluminum, Stellite and Stainless Steel materials.
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Simulation of SET- Sin?w, MET- Sinw SET-Cosa with w, inclination angle

Normal Stress ¢,,, MET, SET-Sin2y,

Normal Stress c,,, MET, SET-Cos
SET-Cosa Methods o2 ¢

Methods

- — = SET-Cosaq, Sig23=100 Presence of shear
MPa
MET, Sig12=50 MPa stress, change of G 11
SET-Cosa, Sig23=50 and G2 with Vo tilt

angle

= = = SET-Sin*yp/SET-Cosa,
Sig13=100 MPa
MET, Sig11=500

, Stress (MPa)
Stress (MPa)

== SET-Sin?y/SET-Cosa,
Sig13=50 MPa

T T T T T T T T ) 0 . . T T T T T T )
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Tilt angle v, Tilt angle vy,

Uniaxial and Triaxial Components

/- stessire PsizO\ 7 : Debye ring distortion
| Uniaxial, Psi=0 .\ 4~ - - - Stress-free, Psi=0 N With StreSS tensor
Kl tensor, Psi=0 . Y. Sig.13=100 MPa, Psi=0 COmpOnentS

| —-— Sig.12=100 MPa, Psi=0
F hensor Psi=30 deg.’ Sig.23=100 MPa, Psi=0
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Simulation and experimental 4-point bend loading results
SET-Cosa, SET- Sin2y MET- Siny

Agreement between the measurements and the
simulation for all techniques

Difference in residual stress levels at zero load

between SETs and MET. Comparison of 4 Point Bend Loading results: SET-Sin?y/SET-
Cosa, MET Methods

Offset of SET- Sin*y and SET-Coso, when e  ExpMET Exp: SET-SinPsi
compared to MET- Sin?y, presence of shear Sim: MET FitExp: MET

) 3 Sim: SET-Sin?Psi/SET-Cosa - = = = Fit Exp: SET-Sin*Psi/SET-Cosa
stress G5 in the material.

All slopes are within the experimental error
close to 1. ~

-
-

Exp, SET: 05 = 1.068 0 + 85 [ .. &

DSpacing M Det 1 DEEIUNZD DOLE.mt
Stress 7.

Stress (MPa)

150 200
Applied Stress (MPa)

0.2 03 0.4
Sin~2psi Phi[1]=0.00
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Results:
Measured stresses on different materials

Goniomet St MPa) Stainl
SO Technique Stress (MPa) Aluminum | Stress (MPa) Stellite ress ( Sta) | S
ee

Normal stress: Normal stress:
Normal stress: -18+19
MET Sh . 440 +436+14 +124490
ear stress:-
Shear stress: +99+6 Shear stress: +30+44
Normal stress:
-46

Normal stress: Normal stress:
+3421+3702 F +457442206 F

Geometry/Mode

SET Normal stress: +7 Normal stress: +138

Debye Ring SET Failed

SET-Cosa

Material; Satellite
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The difference is in the stress model used in the software (elliptical fit, multi-linear fit for triaxial

measurement) and the tilt angles distributed over the half-space.

Space covered

Ya-Space

Ya-Space

2-Space

Free stress powder

Yes

Yes

Yes

Shot peened high stress
standard

Yes

Yes

Yes

Uniaxial loading

Yes

Yes

Yes

High stress standard with
shear stress

No

No

Yes

Heterogenous materials

No

No

Yes

Other issues we can mention with SET-Cosa are:

» Stress gradient,

* Surface roughness.

« Psi offset: surface inclination, curved surface
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Residual Stress Standards and Guidelines

1. ASTM E-915 —(2010) “Standard test method for verifying the alignment of x-ray diffraction
instruments for residual stress measurement”.
. Normal and Shear Stresses are required.

ASTM E2860 (2012):” Standard Test Method for Residual Stress Measurement by X-Ray
Diffraction for Bearing Steels”.

. MET is recommended.

. Normal and Shear Stresses are required.

. Comprehensive procedure for residual stress measurement on bearings

EN 15305 (2008): “Non-destructive testing - Test method for residual stress analysis by X-ray
diffraction®.

. MET is recommended.

. Normal and Shear Stresses are required.

. Detailed procedure for stress measurements for general conditions.

ASM Handbook, Vol. 11 (2020)

SAE HS-784 (2003)

SEM Handbook, (1996)

Others...
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1. Use 2 Debye rings for measurement in a single direction.

2. Use multiple Debye-rings for triaxial measurement

Detector 1 Detector 2

» &
g S

011 012 013
ojj =| %2 9z 023

013 033 633

Detector 1 Detector 3 Detector 2

011 012 013
0;j = | %12 022 023 | if D, is known.
013 023 033
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Conclusions

SET-Sin?y is similar to SET-Cosa, equal stress values.

SET-Sin?y, SET-Cosa cannot measure shear stress component 63, necessary for instrument
alignment, surface orientation and curvature detection.

Normal stresses measured with SET-Sin*y and SET-Cosa are affected by the presence of 0,5. Same
is true for o1, which is affected by 0,3 in case of SET-Cosa.

Reliable measurements must include both y* and -, such as MET to cover 72-space.

SET-Sin?y was not a reliable technique and it was not considered in any standard. SET-Cosa is
similar.

No assumptions should be made prior to stress measurement. Limited results (0,7 ) can be
detrimental for decision making in the industry.

Cosa technique can be developed with multiple Debye rings to cover both y* and -, equivalent to
MET-Sin?y.
Existing tools for evaluation of instruments must include the stress model used in the software.

Standards should evolve to include triaxial stress state and shear components for testing and
calculation models to guarantee the best outcome and most reliable results.
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