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Introduction
Changes in the materials behavior due to machining 

operations occur due to the interactions between 
thermal and mechanical loads. The degree of the 
changes is dependent on the intensity of the influencing 
parameters but also on the chronological interaction of 
material loads on the current local microstructure [1-
3]. Examples of interaction of thermal and mechanical 
loads have been discussed in various publications, 
mostly to understand the mechanisms of distortion [3-
10]. However, the investigated temperature and load 
gradients in heat treatment of steel are merely small 
compared to machining operations. The influence of 
higher temperature gradients has been investigated and 
published for pure thermal loads due to the occurring 
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heating and cooling operations associated with laser and 
induction heat treatments [11-13].

The idea of developing a more general and process-in-
dependent understanding of the correlations between 
the material loads during a manufacturing process and 
the resulting material modification by means of Process 
Signatures was first presented in 2011 [14]. Process Sig-
natures can be described as a collection of specific loads 
during a process correlated with the changes of material 
properties (material modification) at different scale lev-
els (the atomic scale, the microstructure scale and the 
polycrystalline scale) [15].

The collaborative research center on Process Signatures 
is divided in 15 scientific subprojects, investigating different 
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kinds of material loads and resulting material modifications 
on the aforementioned scale levels. In the M domain four 
subprojects focus on the analyses of material modification 
mechanisms and on modeling and simulation on the 
different scales, aiming to provide a scientifically based 
framework for setting up Process Signatures. The objective 
of the seven subprojects in the F domain is to set up 
Process Signatures for different manufacturing processes 
with thermal loads (e.g. electric discharge machining), 
mechanical loads (e.g. deep rolling), chemical loads (e.g. 
electro chemical machining) and combinations of these 
such as conventional grinding and hard turning which are 
characterized by thermo-mechanical loads. New methods 
to measure the occurring internal material loads during 
manufacturing processes are developed in the C domain 
(four subprojects) of the collaborative research center. 
Moreover, high resolution measurement techniques 
such as SEM, TEM and X-ray diffractometry are utilized 
in the subprojects of the C domain for an experimental 
characterization of the work piece material modifications. 
The long-term objective of the collaborative research center 
is to establish Process Signatures as a new strategy to achieve 
a knowledge-based solution of the inverse surface integrity 
problem. Once the correlations between the loading state 
during the process and the resulting material modifications 
are established and the loading states themselves are 
correlated to the machining parameters of the considered 
manufacturing process, it shall be possible to generate 
surface integrity states in a knowledge-based way rather 
than by trial and error. Moreover, it would be possible to 

already decide in the design phase of the product whether 
certain processes and/or process chains are appropriate 
to meet the surface integrity demands. It would even be 
possible to substitute manufacturing processes by others 
if the corresponding Process Signatures agree partially 
regarding the demanded surface integrity of the final part.

It is of crucial importance to identify and quantita-
tively describe the basic mechanisms leading to the ma-
terial modification if scientifically based Process Signa-
tures are sought. As a first step the present work pro-
poses an approach to separately analyze the influences of 
individual thermal and mechanical loading states of the 
material during a specific machining process. Moreover, 
the results of a systematic compilation of the most im-
portant material modification mechanisms in machining 
processes are shown.

Approach
To understand the mechanisms of surface modifica-

tions due to machining operations, initially each machin-
ing operation has been analyzed regarding the individual 
thermal and mechanical loads affecting the surface lay-
ers. For different kinds of loads possible mechanisms and 
the resulting modifications have been compiled. Further, 
the possible analyzing methods to measure the modifica-
tions on the particular dimensional scales were assorted.

In figure 1, the assumed interactions in the relatively 
simple example of an induction heat treatment is 
sketched schematically.
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Figure 1:  Mechanisms of material modification in induction heat treatment.
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The electrical energy (as a function of time) is interacting 
with the steel surface. Due to the induced eddy currents a 
time dependent temperature field is created. The local and 
temporal temperature gradients are causing changes of 
the local stress and strain tensors due to locally differing 
temperature induced strains. The temperatures as well as 
local stresses and strains affect the microstructure, the 
dislocation structure, the hardness, and other structural 
properties. The changes of microstructure can partially 
be predicted by time-temperature-austenitizing-(TTA) 
and time-temperature-transformation-(TTT)-diagrams 
[12]. If the temperatures remain below austenitizing 
temperature, annealing effects dominate [11,13,16]. Also, 
the temperature has an effect on the dislocation structure 
and the inclusion density. Especially in interaction with 
critical plastic deformations, recrystallization effects are 
to be anticipated. If stresses exceed the yield strength 
(as a function of temperature) plastic deformations will 
occur. Local deformations at elevated temperatures will 
cause residual stresses at room temperature. Due to 
these multidimensional interactions a correct prediction 
is hard to make without a simulative approach. In the 
collaborative research center a phase field modeling is 
planned to describe the micro structural changes due 
to stress, strain and temperature on a microscopic scale 
[16]. The approaches will be optimized and verified with 
the input of experimentally determined modifications.

As the most significant material loads in all investigated 
manufacturing processes primary stresses, shear stresses, 
strains, hydrostatic stresses and pressures, temperatures, 
and their temporal and local gradients were identified. As 
an example for the analytical approach the mechanisms 

related to the material load “shear stress” are compiled in 
the second column in table 1. In the last column of table 1 
the modifications in the surface layer assigned to the named 
mechanism are listed.

First of all shear stresses (as all stresses) cause an 
elastic strain of the lattice (Figure 2). There is no direct 
modification awaited due to this elastic strain, but there 
are interactions with other mechanisms which provoke 
modifications. An elastic strain of the lattice supports 
transformation processes, the diffusion of alloy elements, 
and reduces the critical nucleation radius of inclusions. 
Therewith it affects the phase portions, the element 
distribution, the vacancy density and the inclusion 
density.

If the shear stress is high enough to cause the move-
ment of dislocations (Figure 3) plastic deformation oc-
curs. The intrinsic energy of the lattice is rising. In inter-
action with temperatures exceeding 40% of the melting 
temperature (measured in Kelvin) critical deformation 
ratios may cause recrystallization effects. Since these are 
time depended, short temperature impacts may have no 
significant effect. Still, the lattice is not in a stable condi-
tion and the time-temperature-deformation interactions 
will have to be investigated closer.

Table 1: Mechanisms assigned to shear stress and the 
modification expected in steel.

Material 
load 

Mechanism Modification 

S
he

ar
 s

tre
ss

Elastic lattice strain 
    - interaction transformation ∆ Phase portion 
    - interaction diffusion ∆ Element 

distribution 
∆ Vacancy density 

    - critical nucleation radius ∆ Inclusion density 
Movement of dislocations Plastic deformation 

∆ Gibbs energy (T,p) 
Strengthening mechanisms 
(interaction of dislocations 
with alloy elements, 
dislocations, inclusions, grain 
boundaries) 

∆ Yield strength

∆ Hardness

∆ Gibbs energy (T,p)   

Formation of dislocations Plastic deformation 
∆ Dislocation density
∆ Gibbs energy 

Formation of twins Plastic deformation 
∆ Twin density 
Δ Gibbs energy

         

Figure 2: Schematic representation showing the effect of 
elastic strain.

         

Figure 3: Schematic representation showing the movement 
of dislocations.
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The movement of dislocations (Figure 4) and the 
formation of new dislocations (Figure 5) due to shear 
stresses are strengthening the metal due to the four 
strengthening mechanisms:

•	 The interaction of dislocations with interstitial and 
substitutional atoms cause an increase of the yield 
strength before plastic deformation occurs. Due to 
diffusion processes at elevated temperatures alloy atoms 
move to the most distorted regions in the dislocation 
cores and reduce the distortion energy. A higher strength 
is needed to ensure a movement of the dislocations. The 
increase in shear strength can be formulated with the 
concentration of atoms cA in solid solution (Figure 4, 
top left). The exponent n varies between 0.5 and 1 in 
technical alloys.

•	 The interaction of dislocation with an increasing 
number of other dislocations is called work hard-
ening. Moving dislocations on different slip planes 
get entangled with each other and hinder each oth-
ers movement. The effect can easily be seen in the 
increasing slope in stress-strain-diagrams. An in-
crease in the dislocation density ρD can be measured 
by X-ray diffraction or with image analyses of TEM 

micrographs. The strength increases with the square 
root of the dislocation density ρD (Figure 4, top right)

•	 The interaction of dislocations with grain boundar-
ies is mathematically described with the Hall-Petch-

         

Figure 4: Strengthening mechanisms ascribed to dislocations.

         

Figure 5: Schematic representation showing the formation 
of new dislocations.
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effect (Figure 4, bottom left). Dislocation movement 
stops at grain boundaries since their slip planes end at 
the boundary. Dislocations therefore pile up on their 
slip planes at grain boundaries. This is causing local-
ly increasing stresses. However, the locally increased 
stress may cause dislocations on less optimal located 
slip planes to move with further increased nominal 
stress. The grain size can be determined by image 
analysis of micrographs. The strength increase is de-
scribed with the reciprocal square root of the grain 
diameter dG.

•	 The interaction of moving dislocations with inclusions 
is depended on the inclusions structure (Figure 4, bot-
tom right). Small coherent inclusions may be cut by 
dislocations (Kelly-Fine mechanism). Their appearance 
causes an increase of the stress dependent to the size and 
number of inclusions. If the size increases an inclusion 
dependent level the stress to circle the inclusion is lower 
than to cut it. Non coherent inclusions or dispersions are 
circled by dislocations (Orowan mechanism). The effect 
can be measured by an increase (decrease) in hardness.

In cubic face centered lattices (as austenite) plastic 
deformation often is accomplished by twin formation 
(Figure 6). The effect can be judged by measuring the 
twin density.

All these mechanisms result in an increased intrinsic 
energy in the lattice. A method to quantify the local 
intrinsic energy has not been developed so far. Indirectly 
it can be assessed by the stability of the microstructure at 
elevated temperatures.

Summary	and	Conclusions
Machining processes are always influencing the 

surface condition of the machined material. The aim 
of our work is to understand the influencing factors 
and their interaction in a way that will allow solving 
the inverse surface integrity problem in the future. The 
surface modifications due to machining processes are 
to be used to optimize the components life time and 
functional performance. The intelligent combination of 
different machining operations in an optimized order 
can achieve this goal.

It will be our task to gain extensive knowledge about 
the occurring material loads, the mechanism and surface 
layer modifications. This paper aimed to visualize one 
branch of a tree of knowledge, where every sprig has 
to be examined closely. However, the picture of the 
tree does not suffice for all the expected interactions 
between the twigs. The stepwise investigation of single 
interrelationships will support development of the 
mathematical formulation of the dependencies between 
the material loads, the mechanisms, the modifications, 
and their interactions with each other for every 
machining operation.
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