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A B S T R A C T

Microstructural evolution in metallic materials feedbacks with the loading conditions and the lifetime of engi
neering components. Tribological loading causes a complex, position-dependent, moving stress field. A sys
tematic study is presented on the influence of the complexity of the implemented material model on the 
calculated stress field. For validation, results of tribological experiments on single crystals with the activation of 
deformation twinning are used. The calculated resolved shear stresses have to be highest on the experimentally 
identified twin systems. The combination of modelling and experiment shows the necessity of considering 
plasticity. The widely used Hamilton stress field for tribological loading is limited and based on purely elastic 
assumptions. The quality of the stress field is found to be sensitive to the yield strength, work hardening and 
plastic anisotropy. These parameters have to be carefully chosen in order to predict how a metallic material 
deforms due to a sliding load.

Tribological contacts are ubiquitous. Technical applications without 
any relation to tribology are quasi non-existent. Unfortunately, tribo
logical phenomena are complex and have numerous influencing pa
rameters. To make matters worse, tribological properties are not 
material constants, but system properties. Among the many parameters, 
we here focus on the subsurface deformation layer developing in ma
terials with plastic behaviour. The concept of friction feedback loop 
states that the friction coefficient influences the stress field resulting in 
microstructural evolution which itself feedbacks with the friction coef
ficient [1,2]. While this demonstrates the complexity and interwoven
ness of tribological processes, it also means that a classical 
microstructure-properties relation exists. However, the microstructure 
undergoes drastic changes as the tribological load is applied. Such 
microstructural evolution is not only known to change friction forces, 
but also to initiate cracks resulting in wear particle formation and failure 
of engineering components [3–5].

In general, the microstructural evolution in metallic materials is 
caused by plastic deformation mechanisms, i.e., dislocation slip and 
deformation twinning. These fundamental mechanisms are activated by 
(resolved) shear stresses (RSS) reaching a material-specific, critical 
value τc.

Tribological systems exhibit inhomogeneous, multi-axial, position- 

dependent stresses, which are moving with the counter body. Thus, 
analysing the activation and evolution of deformation mechanisms re
quires an adequate description of the stress field.

As this matter has been recognized for several decades, several ap
proaches exist in the literature. Therefore, the most common stress field 
models are briefly summarized and arranged in order of their 
complexity. Literature does not address the limits or the range of us
ability of these models. This challenging task is desperately needed.

The easisiest approach is to only consider singular components of the 
stress tensor. Researchers have relied on a pure shear stress or a pure 
normal stress in normal or sliding direction, respectively [6–8]. This 
highly simplifies the calculation of active slip systems while neglecting 
the lateral stress distribution, multiaxiality and plastic material behav
iour completely.

The next complexity level is a multiaxial analytical, static solution. 
Hamilton’s approach superimposes a Hertzian contact with a shear 
stress proportional to the friction coefficient assuming isotropic, linear- 
elastic material behaviour [9]. Despite its limitations, Hamilton’s model 
is often used in literature to rationalize microstructural evolution in 
metallic materials [10–15]. It was also employed to investigate 
dislocation-mediated plastic deformation using discrete dislocation dy
namics simulations [16]. Nevertheless, prior work has demonstrated 
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limitations [17].
Due to plastic deformation, models assuming purely linear-elastic 

behaviour largely overestimate the stresses acting in the contact and 
their penetration depth as both are reduced upon plastic flow. Plasticity 
effects were studied by various simulation methods on different length 
scales. These non-static frameworks have the advantage of a moving 
counter body, capturing the history of the contact. For example, a cor
relation between the deformation mechanisms and the stress field was 
investigated by molecular dynamic simulations (MD) [18].

Those are restricted to a few million atoms and high strain rates 
favouring stacking fault formation and deformation twinning, based on 
computational limits [19].

For larger sample sizes, finite element simulations (FEM) were used. 
Literature using classical FEM calculating the stress field is limited [20,
21]. Recent studies used crystal plasticity FEM simulations (CP-FEM) to 
simulate the materials plastic response under tribological loading 
[22–25]. Experiments and simulations were compared regarding wear 
track depth, material pile-up and crystal rotation [22–24,26]. Reason
able agreement between simulation and experiment was reported, pre
dicting crystallographic rotations concerning their sign. However, the 
lateral extent of the subsurface affected by plasticity were off.

For the above as well as for future simulations, there is one constant 
challenge: How to validate the modelled stress field predictions exper
imentally. Our approach follows two prongs. First, a useful stress field 
model has to be able to accurately predict the resolved shear stresses on 
twin systems. Second, we investigate how different material parameters 
change the stress field calculated with FEM. These prongs are combined 
and the resolved shear stresses on all possible twin systems are calcu
lated. This has to agree with experimentally identified twin systems, 
thereby validating the stress fields. The purpose of the manuscript is to 

systematically investigate the effect of material properties on the stress 
field.

First, material parameters are tested and their influence on the stress 
field evaluated. The material parameters considered are yield strength, 
work hardening behaviour and elastic and plastic anisotropy. Details 
concerning the FE simulations can be found in the Supplementary In
formation (SI). The chosen material parameters correspond to experi
mentally determined values for CoCrFeMnNi, as this alloy was 
investigated for reference experiments.

Isotropic material models with different yield strength were inves
tigated: 125 MPa labelled as LY (low yield strength) and 360 MPa 
labelled as HY (high yield strength) [27]. In addition, three different 
work hardening behaviours are considered: no work hardening (noW), 
low work hardening (LW) and high work hardening (HW) [28]. The 
elastic and plastic anisotropy was investigated employing crystal plas
ticity (CP) model (labelled CP-FEM) with a τc for dislocation motion of 
43 MPa [29]. No work hardening was considering based on the chal
lenges posed by calibrating these values, as for example shown in 
reference [30]. Performing such a calibration, especially for our com
plex stress state with deformation twinning, is outside the scope of the 
current manuscript. For all models, a friction coefficient of 0.2 is used. 
This choice is based on experimental data for the first stroke [17].

The material parameters effects are visible in the von Mises stress 
plots in Fig. 1. For the sake of clarity, only the isotropic materials models 
are shown and the anisotropic in Figure S6 (SI).

Comparing the panels shown in Fig. 1, one notices one communality: 
The lowest z-position of the 100 MPa isoline always is at a depth of 
around 100 µm. This suggests that the depth of the stress field is 
marginally influenced by the material model. Strikingly, the depth of the 
stress field is orders of magnitude deeper than the observed 

Fig. 1. Von Mises stresses for the isotropic material models. The first row shows the influence of increasing yield strength from left to right. The von Mises stress 
using the material model LYLW is shown in a), HYLW in b) and Hamilton in c). Increasing work hardening is investigated in the second row from left to right. Hereby, 
the yield strength was kept constant. The material model LYnoW is investigated in d), LYLW in e) and LYHW in f). Different color-coding was used for a)-c) and d)-f) 
to show the different scaling. The abbreviations HY and LY stand for high yield strength and low yield strength, respectively. noW, LW and HW indicate the degree of 
work hardening: no work hardening, low work hardening and high work hardening. The spherical counter body starts sliding at the distance of − 500 µm except for 
the Hamilton model, where the indenter remains at 0 µm. The current loading position is at 0 µm. The friction coefficient is 0.2.
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microstructural evolution [17].
This significant discrepancy between simulation and experiment 

might be due to the assumption of a flat, non-rough surface, or the fact 
that not all dislocation activity was or possibly can be experimentally 
detected. Simulations have shown a deeper extend of statistically stored 
dislocations below the surface than for geometrically necessary ones 
[25]. The first ones cannot be measured with our method. Significant 
deviations between the different material models are seen in the position 
and the value of the maximum von Mises stress. The Hamilton model 
yields a maximum of 452 MPa in a depth of 17 µm. HYLW results in a 
maximum of 362 MPa at a depth of 15 µm. In contrast, considering a 
lower yield strength (LYLW) results in a maximum of 181 MPa at the 
surface. When investigating different work hardening behaviour for the 
low yield strength case, the following is observed: high work hardening 
results into a maximum of 197 MPa in a depth of 5 µm, whereas the 
maximum for no work hardening is 125 MPa at the surface. A maximum 
von Mises stress at the surface agrees with the experimental data as the 
most pronounced microstructural evolution is observed in the near 
surface region. In the literature, a multiaxiality factor was introduced to 
describe the discrepancy between the von Mises stress maximum ac
cording to the Hamilton model and the pronounced microstructural 

changes directly beneath the surface [12]. While this approach was 
successful, it seems likely that plasticity must be considered rather than 
tweaking a purely elastic stress field.

As stress field models should be capable of successfully predicting 
experimental reality, we approach such validation by calculating the 
resolved shear stresses for experimentally observed deformation twin 
systems. Deformation twins are chosen as probes as they are indicative 
of the plane and direction they were formed on and can be analyzed by 
ex-situ microstructural investigations. This contrasts with dislocation 
motion where cross-slip, annihilation and bidirectionality leaves ambi
guity. We have earlier described single trace tribological experiments on 
face-centred cubic CoCrFeMnNi single crystals with defined normal 
(ND) and sliding directions (SD) [17]. In two out of five crystallographic 
orientations investigated, deformation twins were observed within the 
deformation layer. These results are summarized in Table 1.

The results for the maximum resolved shear stresses as calculated 
from the five stress fields models - Hamilton, HYLW, LYnoW, LYLW, 
LYLW, LYHW and CP-FEM – are represented in Fig. 2. The Hamilton 
model is given as a reference and as it is the most commonly taken in 
literature, albeit these results were already presented in [17]. In this 
plot, each bar represents the maximum RSS among all twin systems for 
one specific crystallographic orientation and material model, without 
providing information about the specific twin system. The RSS values on 
the experimentally identified twin systems are represented by the green 
and blue lines for the RSS on (111)[112] for ND[001]/SD[110] (τ

(111)[112]) 

and on (111)[211] for ND[011]/SD[100] (τ
(111)[211]), respectively.

First, the results based on the Hamilton model are summarized. The 
focus hereby is on the experimentally identified twin systems. The twin 
system (111)[112] for ND[001]/SD[110] exhibits the highest overall RSS. 
In contrast, τ

(111)[211] for ND[011]/SD[100] is not the highest RSS for this 
orientation and it is lower than all the other maximum RSS of the 
investigated crystallographic orientations. Although, the Hamilton 
model shows the correct result for ND[001]/SD[110], it does not provide 
the correct results for ND[011]/SD[100], as other twin systems, which 
were experimentally not activated, have higher RSS. Therefore, the 
Hamilton model is invalid for the given tribological setting when 
assuming a single, material specific critical stress τc.

The effect of yield strength is investigated considering the material 
models: Hamilton, HYLW and LYLW. As expected, a decrease in yield 
strength results in lower resolved shear stresses, which is dependent on 
crystallographic orientation. Comparing Hamilton and LYLW, the 
highest decrease in RSS of 60 % is calculated for ND[001]/SD[100] and 
the smallest of 22 % for ND[001]/SD[110]. Considering different work 
hardening behaviors, while keeping LY constant, show qualitatively 
similar effects as the yield strength variation. Comparing noW and HW 
results into the greatest difference of 40 MPa (35%) for ND[001]/ 
SD[110] and the lowest of 7 MPa (10%) for ND[011]/SD[100]. As 
demonstrated in Ref., [17], the position of the resolved shear stress 
maximum with respect to the indenter position varies with the crystal
lographic orientation and selected twin system. This position variation 
has an influence on the differences in resolved shear stress.

For investigating the effect of elastic and plastic anisotropy, no work 
hardening was considered in CP-FEM to ensure comparability with 
LYnoW which avoids influencing effects besides anisotropy. Addition
ally, the critical RSS for dislocation motion within the CP-FEM frame
work is equal to LY divided by the Taylor factor. Only four out of the five 
crystallographic orientations were simulated, based on modelling limi
tations. In comparison to LYnoW, the RSS using CP-FEM is increased by 
at least 31 %. The CP-FEM model could not reflect the experiments as 
crystallographic orientations without experimentally verified twinning 
have higher RSS than τ

(111)[211] and furthermore, τ
(111)[211] is not the 

highest value within ND[011]/SD[100]. Incorporating work hardening to 
the CP-FEM model is the next parameter to be considered. However, 
choosing the proper microscopic strain hardening model and 

Table 1 
Summary of the occurrence of deformation twins in single crystalline CoCr
FeMnNi under tribological loading. The determined twin systems are 
mentioned. The corresponding STEM and HR-TEM images can be found in [17].

ND[001]/ 
SD[110]

ND[011]/ 
SD[100]

ND[011]/ 
SD[011]

ND[011]/ 
SD[211]

ND[001]/ 
SD[100]

Twins ✓ ✓ ⨯ ⨯ ⨯
Twin system (111)[112] (111)[211] - - -

Fig. 2. Maximum resolved shear stresses for the experimentally investigated 
crystal orientations and six investigated material models: Hamilton, HYLW, 
LYHW, LYLW, LYnoW and CP-FEM. The red bar for CP-FEM is missing based on 
lacking crystallographic symmetry (see SI). The experimentally identified twin 
system for the crystal orientation ND[001]/SD[110] is (111)[112]. (111)[211] is 
the experimentally identified twin system for the crystal orientation ND[011]/ 
SD[100]. The resolved shear stresses on these two twin systems (τ

(111)[112] and 
τ
(111)[211]) are marked by the green and blue lines for each material model.
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parameters, them being themselves compatible with classical FEM 
models, is a challenge. Furthermore, the stress release and hardening by 
deformation twinning is then still not mapped and will impact the re
sults. As shown in Ref., [30], even with a symmetric crystallographic 
orientation and simple indentation, reproducing the experiment using 
CP-FEM is challenging. Here, the isotropic material models LYnoW and 
LYLW show the best results with the given settings, specifically 
considering the substantially increased complexity of CP-FEM.

Finally, the critical shear stress for twinning in CoCrFeMnNi at RT 
has to be discussed. The lowest experimentally measured value is 110 
MPa [31]. τ

(111)[211] calculated with all stress field models is lower than 
110 MPa. The difference could arise through a stress concentration not 
covered by the simulation, or a possibly limited comparability between 
twin formation under uniaxial and multiaxial stress.

Besides the RSS approach, the experimentally obtained wear track 
width is compared to the widths of the plastic strain on the surface in the 
transversal direction in the simulations (Fig. 3). The wear track width is 
easily accessible and only requires optical microscopy. Hamilton and 
HYLW are missing as these did not result in any plastic strain or plastic 
strain on the surface (Hamilton is purely elastic; the plastic strain for 
HYLW is given in Figure S7). Work hardening changes mainly the values 
of the maximum plastic strain and not the width as shown in Fig. 3a. The 
full width half maximum (FWHM) lies for all three material models 
calculated with LY between 100 and 110 µm (finite element size of 5 
µm). The mean experimental wear track widths vary between 97 and 
104 µm, therefore, the simulations with LY are closest to the experiment. 
A perfect match is achieved with the width of the accumulated slip for 
CP-FEM in Fig. 3b From this perspective, CP-FEM is in best agreement 
with the measured wear track width. The approach of comparing the 
experimental wear track width with the extent of equivalent strain or 
accumulated slip yielded results consistent with the RSS discussion 
above. It did, however, not allow to further discard material models.

In summary, six material models were applied to simulate tribolog
ical stress fields, five were using the finite element method. The aim was 
to systematically investigate how the stress field is affected by varying 
material parameters such as yield strength, work hardening and elastic 
and plastic anisotropy were considered to investigate their respective 
effects. Analyzing the von Mises stress distribution shows a decrease in 
its maximum and shift towards the surface with increasing proportion of 
plastic deformation showing the inaccuracy of the Hertzian model’s 
prediction of a subsurface stress maximum several micrometers beneath 
the surface. To analyze which model is most suitable (at minimum effort 
in model and parameter selection) to predict the microstructural evo
lution under tribological loading, two different methods were used: i) A 
comparison between the experimentally measured wear track width and 
the width of the strain equivalent/accumulated slip within the simula
tions; ii) if the stress field models predict the formation of the 

experimentally observed deformation twins. The first method is exper
imentally faster and excludes stress field models, with no or little plas
ticity. All other material models agreed with the experimental results. 
The second method is significantly more time-consuming. At the same 
time, twins are very reliable probes for the tribological stress field. None 
of the investigated stress field models were able to perfectly predict the 
experimentally observed twins. This limitation may be partly due to the 
use of a simplified FEM set-up. The resolved shear stress decreases with 
increasing plasticity, as expected. However, the extend of this decrease 
is dependent on the crystallographic orientation – also for the isotropic 
material models – and the position of the resolved shear stress maximum 
with respect to the indenter. Although not perfect, the results clearly 
show great improvement for calculating resolved shear stresses when 
using an isotropic material model compared to the classical Hamilton 
approach.
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Fig. 3. Equivalent strain/accumulated slip on the surface perpendicular to the sliding direction (=transverse direction (TD)). The range of the wear track width from 
the experimental data is represented by the dotted vertical lines. a) influence of the investigated work hardening behaviours with low yield strength (125 MPa); b) 
influence of the crystal orientation dependency on the accumulated slip (CP-FEM model).
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