I.
REDISUAL STRESS IN GENERAL
Residual stresses are stresses present in solid bodies – single-, poly crystalline and  amorphous - without any outside loading. To illustrate these stresses the atomic arrangements must be investigated.

a) single crystalline body

Structural defects, like vacancies and dislocations, are always present in a real single crystalline body. In the vicinity of the defects the atoms are displaced. As a consequence the body is strained and therefore residual stress is present.
b) polycrystalline body

The following sequence of figures illustrated the stresses that are, in general, present in real polycrystalline material.
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Fig. 1a: polycrystalline body without texture (random distribution of grains). One grain is highlighted.
	In every grain of a polycrystalline structure structural defects lead to stresses that vary over short distances. These stresses are known as
micro residual stresses




In addition stresses homogeneous over long distances, over several grains, are present in a real polycrystalline materials. Their origin can best be explained due to the effect of plastic deformation.
	
Fig. 2b: applied force on polycrystalline body yields plastic deformation. Highlighted grain is more deformed than others.
	If the force is large enough to overcome the elastic regime, then dislocation gliding starts, leaving the body plastically deformed. But dislocation gliding is anisotropic, so that differently orientated grains are deformed differently.


	
Fig. 2c: relaxed body after plastic deformation. The highlighted grain can not fully relax elastically.
	After removing force, the body relaxes elastically, but differently deformed grains hinder a full relaxation. Grains are elastically deformed leaving an additional stress distribution in the body, known as
macro residual stresses



 c) reasons for residual stress in general
As seen above, the change of the mechanical state always leads to a change of the microstructure and vice versa. By a thermal treatment same situation occurs, microstructural change.

[image: image1]
Fig. 3.: interlinkage of change of state in material  
As indicated in the diagram, if one component of the diagram is changed, all the others are also influenced, and consequently the residual stress state of the material is changed as well.
II
X-RAY STRESS DETERMINATION

a) Principles

The order of magnitude of the X-ray's wavelength and the atomic distances in a solid are the same. Using the wave character of the radiation in a diffraction experiment leads to an interference pattern, typical of the material under investigation. Figure 4 shows a principal set up for such an experiment.


[image: image2]
Fig.: 4
principles of diffraction and Bragg's law
X-rays with a defined wavelength λ are scattered on the atomic array, defined by its lattice spacing d, in dependence of the angle of incidence Θ. If Bragg's law is fulfilled constructive interference occurs, leading to a diffraction peak, a intensity distribution around the Bragg angle ΘB, like indicated in figure 5a.
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Fig.:5
Influence of stress on diffraction pattern
The influence of stresses on the diffraction pattern is illustrated in figure 5b and 5c. In the case of macro (residual) stresses the lattice spacing d deviates from that of the unstressed lattice spacing d0. In figure 5b, a tensile stress is shown as an example, which is based on a larger lattice spacing. According to Bragg's law this larger d leads to a simple peak shift. In contrast, micro residual stresses, where lattice spacings vary over short distances, results in a peak broadening in the diffraction pattern. But for all cases of stress determination the strain is the measurement gauge.

b) Measurement procedure of macro residual stresses in polycrystalline material
Figure 6a shows an identical situation as discussed above, together with the micro-structural feature of the sample. Only those grains contribute to the diffraction whose orientation of the lattice panes fulfill Braggs law. By simply tilting the sample, other grains fulfill the diffraction condition, like seen in figure 6b.

	a)

[image: image6]

	b)
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Fig. 6:
Principles of stress determination
a) conventional diffraction







b) ( - tilting

If the sample is strained a peak shift will appear. Therefore the task of the experiment is the determination of the same Bragg reflection under different orientations of the sample, where ( defines the tilting and ( the rotation of the sample about the normal.
The peak shift is equivalent to the change of the lattice spacing (d – d0/d0), which also reflects Bragg's law in differential form
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(1)

where d0 is the lattice spacing and (0 is the Bragg angle of the stress free material. It is obvious that the change in lattice spacing, given in equation (1), also represents the strain ((( expressed in the co-ordinate system of the measurement.

The measurable variable ((( needs so be expressed in the co-ordinate system of the sample, which is nothing else as the well known strain tensor (ij. Performing the co-ordinate transformation, combined with applying Hooke's law, leads to the basic equation of X-ray stress determination:
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(2)
Eq. 2 relates, strain tensor and stress tensor in such a way that the microscopic features of the diffraction are taken into account. This is expressed in the use of the X-ray elastic constants s1 and s2 instead of the engineering elastic constants. These elastic constants depend on the lattice planes (hkl) chosen for the diffraction experiment, and can either be measured or calculated from the single crystal elastic constants.
c) The sin2( - method
The simplest method to determine the stress is the sin2( - method. Assuming that the stress state is consistant within the penetration depth of the X-rays, suggests applying a two-dimensional stress state. Equation 2 reduces to a linear dependence between ((( and sin2(. The slope, m = ½ s2 ((, yields the stress in form of a scalar quantity, which is for most applications satisfactory.
d) determination of depth resolved stress states by means of X-ray diffraction
i) Nonlinear sin2(-curves

In cases where the stress changes within the depth the X-rays probe, the sin2(-curve deviates from its linear behavior. The "diffraction community" classifies three nonlinear cases:

· Same curvature for measurements in opposite ( tilting directions. This is assigned to stress gradients, where the lattice spacing changes with depth (see figure 7b).

· "( splitting", means a mirrored curvature for measurements in opposite (-tilting directions (figure 7a). The main axes of the stress tensor are tilted in respect to the co-ordinate system of the sample, so that shear stresses (13 and  (23 occur. 
· A wave form in the sin2(-curve is assigned to texture, preferred orientation of the grains (figure 7c).
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a)




b)



c)
Fig.: 7 Effects changing stress, in the depth probed by X-rays, on the sin2(-curve [Behnken, Hauk 1991].


a) "(-splitting" 

b) stress gradients

b) texture

Nonlinear sin2(-curve are often found in components with machined surface, components that have undergone a non-homogeneous heat treatment, or components with surface treatments. The penetration depth of conventional X-rays varies from several microns, e.g. about 5 (m in steel, to several tens of microns, e.g. about 30 (m for titanium alloys.  The penetration depth depends on the wavelength of the X-rays, on the absorption of X-rays in the particular material, and  on the Bragg angle used for the stress determination. With synchrotron radiation higher penetration can be achieved.
sin2(-curves provide only one-dimensional information in space. Extraction of depth resolved stresses states is therefore not possible. This measurements can only give a first impression of the stress distributions in a material.

ii) destructive method

Alternating stress determination, by using the sin2(-method, and removal of thin surface layers leads to the stress distribution below the surface in form of a scalar stress quantity.
iii) nondestructive methods
The task is to probe the depth by variation of the penetration depth of the X-rays. This can be achieved by:
· Using different X-ray wavelengths (meaning different characteristic X-rays).

· Perform (-tilting on different diffraction peaks because penetration depth change with angle of incidence.

· (-tilting by itself leads to a depth scan, again because of the geometry of diffraction.

The orientation dependent information can be gained by measuring the peak shifts from different rotations about the normal ( (until to 360o), from different (-tiltings, or different Bragg reflections.

Beside the fact, that a large number of measurements is necessary to determine the depth distribution of the stresses, because of the complexity of stress as a tensor quantity, a further problem has to be overcome: Every diffraction pattern is the average of the strains in all diffracting grains in the scattering volume. Mathematically expressed would this be a Laplace transform. The determination of the depth resolved stress state is equivalent to the solution of the inverse Laplace transform, which is analytically not possible.
One route to go is to use a functional dependences of a known inverse function and hope that the fit it to the measurement data is successful. Another and better possibility is the use of the semi-numerical method.
iv) The semi-numerical method

The basic idea of this method is to model the depth dependence of the stress tensor in a parameterized form, using this to calculate "theoretical" peak positions and fit them to the real, measured peak positions.

To obtain a simple depth dependence of the six stress tensor components (ij(z) the x and y dependences are not taken into account. This reduction seems to be appropriate, as long as the measurement position at the surface of the sample is far away from any edges. The volume probed by the X-rays is defined by the surface spot irradiated by the X-ray beam and the penetration depth. The feature of macro residual stresses suggests an assumption of no stress change in lateral direction inside the irradiated spot. In contrast, in the depth direction z a strong change is expected (e.g. due to grinding or shot peening) which can be finely scanned by X-rays.
The back bone of the method is the description of the stress depth dependence with a 3-dimensional Taylor series. Application of surface boundary conditions and equilibrium conditions leads to the model of stress depth distributions:
(11(z) = (11,0 + a11z + b11z2 + u11z3
(12(z) = (12,0 + a12z + b12z2 + u12z3
(22(z) = (22,0 + a22z + b22z2 + u11z3




(3)
(13(z) =            a13z + b13z2 + u13z3
(23(z) =            a23z + b23z2 + u23z3
(33(z) =                       b33z2 + u33z3
The parameterized model function is used to calculate "theoretical" peak positions, and finally, the fit to the measured peak positions leads to the depth resolved three-dimensional stress state. It should be mentioned, that this method yields the depth resolution of all six stress tensor components, but no lateral information.

III
RESIDUAL STRESS DUE TO SHOT PEENING
a) General features
Besides machining and rolling, shot peening is a common mechanical procedure to influence the fatigue strength of work pices. Shot peening of metallic materials causes inhomogeneous plastic deformation in the near surface region of material. The principal deformation processes and their effects are given in figure 8.

[image: image11]
Fig. 8:
Principal deformation processes and their effects due to shot peening (Vohringer, 1987)
Two main deformation processes can be identified. Firstly, the Hertzian pressure with maximum values of the forces below the surface, and secondly, the plastic stretching of the near surface layer with maximum forces at the surface. Thereby compressive residual stresses with characteristic depth distributions are produced, accompanied by workhardening and/or worksoftening effects and typical surface topologies. The maximum of the compressive residual stress may be situated below the surface (hard materials) or directly at the surface (soft materials) according to the dominant processes. In all materials, a peening-induced adiabatic heat production is expected accompanied by a rise in temperature. This effect is caused by extremely short impact durations of the concerning shot together with plastic deformation of various degrees according to the hardness of the material. In soft materials, it is possible that a sufficient rise in temperature may produce plastic compression of the surface together with a reduction of the shot peening residual stresses. Lateral stress changes are also reported, but these stresses seems to be more on the side of micro residual stresses. This brief overview follows the publications in "Shot Peening, Technology, Application by H. Wohlfahrt, R. Kopp and O. Voehringer (eds.).
b) Shot peened Ti6Al4V sample

Figure 9 shows the stress distribution of  a shot preened Ti6Al4V sample. The stress determination was performed destructively described in II.d.ii, with the stress given as a scalar quantity. It is important to note that the stress at the surface is compressive and the maximum compressive stress is at a depth of ??? (m. In addition figure 10 shows the effect of annealing, indicating that a heat treatment can dramatically reduce the favorable compressive stress.
Fig. 9:
stress distribution of a shot peened Ti6Al4V sample. Stress determined  destructively.

Fig. 10: stress distributions of shot peened and annealed samples. Stress determined destructively.

Figure 11 shows the depth resolution of the full three-dimensional stress tensor, determined applying the semi-numerical method.

Fig. 11: depth resolved three-dimensional stress state of a shot peened Ti6Al4V sample. 
The depth dependent components (13, (23, and (33 are zero at the surface, which is a result of the boundary conditions used. The principle stress components (11 and (22, show the expected depth dependence. It is important  to note, that (11 and (22 are tensile directly at the surface, and near to it. That is somewhat unexpected, but after shot peening the sample had undergone a certain surface treatment, including a heat treatment, not specified by the producer of the work piece. That the sample was heat treated can also be seen from an atypical phase composition in the near surface region. The usual way of using X-ray wavelength with small penetration depth, with the advantage of a two-dimensional stress state, combined with layer removal is much to rough to obtain detailed information of the surface stress states.

The maximum compressive stress appears at a shallow depth. Again the reason could be the heat treatment (compare fig. 10), but also the peening parameter are not known.  
IV
"VISUALISATION IDEAS"
In this part of the document I would like to take the opportunity to express some ideas about visualization that Mecit and I worked out in a longer meeting. Maybe we can use this as an ansatz for further discussions. 
1. The visualization of experimentally determined depth resolved stress states is new, therefore we should go for it. Furthermore, a visualization could help better understanding stress fields.

2. Maybe I'm wrong, but the visualization should be adapted to the particular problem. It should also be adapted to scientific community which would use the results. In this case the X-ray stress community, for which may be another presentation or mindset is needed than in other fields. This should not hinder other approaches as well.
3. For the particular case of depth resolved stress states (described above, and similar measurements on other materials), the full stress field, with lateral information at every depth, is not available to date. From my understanding the missing lateral information excluds the conventional stream line ansatz. But what if we use a "pipe" and assign to its attributes - direction, width and color - other meanings? In other words use a new concept.
4. Visualization of stress states that reflects the different features of the non-linear sin2( curves. This include the selection of depth resolved stresses (modeling) and a close connection to X-ray stress analysis.
5. An extension to experimentally determined stress field (3-dim) in near surface regions should be discussed in the light of visualization and materials we have mutual interest in. Experimentally, an extension to synchrotron which could be helpful to reduce measurement time and gain larger penetration depth. If you are not only interested in visualization, we could also discuss the way to extract the stress distribution out of the measurements.
6. The last point seems to be futuristic (but I likebrain storming (): stress induced diffusion. In a collaboration, we are working on the influence of strain fields on the movement of point defects in the pre-clustering phase (vacancies and interstitials). We combine the results from a wide set of experiments (e.g. positron annihilation, X-rays, RBS, ERDA, and microscopy of every sort)  to compare with mathematical formulations (analytical Fokker Plank and monte carlo simulation). The movement is based on the interaction of the defect's strain field with an external strain field. The basic question is: how can visualization be applied, and what knowledge we gain from it? I have the feeling a lot! Are you interested?
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