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Abstract. Under repeated impact loadings that are encountered during peening process, 
surface mechanical attrition treatment or erosive wear, metals undergo severe plastic 
deformation which may lead to a local refinement of their microstructure in the near-surface. 
These mechanically-induced surface nano-structures exhibit very interesting physical properties 
such as high hardness and better tribological properties, … Strong research efforts have been 
undertaken during the last years to understand the mechanism explaining how these 
nanostructures are created and grow under such loadings. It is commonly accepted that the 
shear stress induced by oblique impacts is the driving force for such mechanical 
transformations. Nevertheless, we have recently observed that normal impacts may also lead to 
such grain refinement. In this paper, this mechanism is investigated on a AISI1045 steel 
submitted to different heat treatments. A phenomenological mechanism based on a previous 
work is presented and shows a good efficiency on the air cooled sample. Nevertheless it failed to 
explain the differences observed between the different samples, showing the necessity to take 
into account both the material stress-strain curve and the microstructural state. 
. 
 

 

1. Introduction 
Under severe cyclic solicitations, most metallic or ceramic materials undergo high plastic 
deformation that leads to microstructural modifications and to wear [1–13]. These structural 
transformations of the subsurface layers, called TTS (Tribologically Transformed Structure) 
or MAS (Mechanically Attrited Structure) or also MML (Mechanically Mixed Layer), have 
been widely studied in the past, especially in the case of bearing or rail applications. 
However, they may be encountered in most tribological contacts, even under very mild 
conditions. In some studies, researchers were mainly interested in understanding the wear 
mechanisms and controlling the wear rate [2,5]. However, the formation phenomenon has 
also been investigated without clear identification of a specific mechanism. In particular, two 
main hypotheses have been proposed. The first one is mainly based on the mechanical 
approach neglecting the role of the counterface and environment and mainly considering the 
plastic behaviour (including plastic deformation and substructures, shear bands…) [6–8]. 
The second one considers the role of the material and environment chemistry and explores 
scenario involving mechanical alloying and material mixing [12,13]. The various names used 
to present the material transformation reflect the still open question. However TTS 
structures have recently raised new interest not only due to their very high hardness but also 
because of their nanocrystalline structure leading to specific properties and new surface 
treatments referred to as SMAT (Surface Mechanical Attrition Treatment) and 

NanoPeening have been patented [6-10]. For these last studies, the effects of the SMAT 
treatment are investigated in terms of microstructural, residual stress and corrosion 
resistance changes but no clear scenario is proposed to explain the material evolution as a 
function of the SMAT conditions. One of the main problems of all these studies is the very 
limited amount of transformed matter that prevents from any extensive and reproducible 
TTS analyses. In the case of the SMAT treated surfaces, the study of the produced 
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nanocrystalline material is largely restrained by the limited knowledge of the experimental 
parameters. 
It is commonly accepted that the shear stress induced by oblique impacts is the driving force 
for such mechanical transformations [7,8]. Nevertheless, we have recently observed [1, 11] 
that normal impacts may also lead to such grain refinement (Fig 1) on different steels and 
alloys. With such kind of loading, significant amount of TTS can be created contrary to most 
of impact based processes. Nevertheless the way the TTS is formed remains unclear. In this 
paper, this mechanism is investigated on a AISI1045 steel submitted to different heat 
treatments in order to highlight the effect of the initial microstructure and hardness on the 
TTS growth kinetics. 

 
Fig. 1 – micro-impact set up, 2 – Cross-sections of repeated impact-induced Tribologically 
Transformed Structures in a TiA6V alloy and in a C45 (AISI1045) steel after 5000 impacts 

[1;11]  
 

2. Materials and methods 
2.1. Impact tests 
Micro impact tests with energy control have been performed using the device developed in 
[14,15] and sketch on Fig 1. Indenters made of cermets (WC + Co, provided by Technifor) 
terminated by a hemi-spherical part of 100 µm or 500 µm radius were used. Depending on 
the electromagnet control and the initial position of the tip above the sample surface, the 
incident tip velocity and associated kinetic energy may be adjusted to obtain the desired 
induced normal load. In the present study, the estimated impacting energies were ranging 
from 0.5 to 9 mJ leading to induced normal loads Fn of 200 to 2000 N. The impacting 
frequency was fixed to 10 Hz and the number of impacts (N) can be adjusted from isolated 
(single) impact to several 106 cycles. Previous simulations have clearly shown that no heating 
effect are generated during such impact tests and a maximum temperature increase of less 
than 60°C has been estimated [11]. 
 
2.2. Materials 
The reference material studied is a standard (AISI1045) C45 steel (0.46% w C, 0.7%w Mn, 
0.2% w Si, 0.17% w Cr, 0.05% w Ni). To study the influence of its initial microstructure on its 
ability to form a TTS sublayer, several heat treatments have been performed. All samples 
have been thermally treated at 850°C for 20 minutes to obtain an austenite phase. After this 
austenitization step, four different cooling and tempering treatments have been performed. 
After heat treatment, all samples were machined in order to suppress the possible 
decarburized layer and polished to obtain a mirror finish (SiC paper up to grade 1200 + 3 and 

1 µm diamond grids). Fig 2 presents the typical microstructures obtained after the four 
different thermal treatments (Nital 3% etching). The air-cooled sample noted C45A shows a 

classical ferrito-pearlitic structure with a mean grain size of around 10 µm. After water 
quenching (C45W), the C45 steel is fully martensitic and tempered martensite is observed for 
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the samples after 1h tempering at 450°C (C45WT4), and 575°C (C45WT5). Just prior to any 
impact testing, the mirror polished surfaces were finally cleaned with ethanol in an Ultra-
Sonic bath. 
 
2.3. Characterization 
For the TTS observation, samples were cross-sectioned, mirror polished and etched (Nital 
3%) after each series of impacts. 

 
 

Fig 2 - Optical micrographs of the AISI1045 microstructures for the different heat 
treatments 

 
3. TTS growth mechanism and air cooled sample 
A mechanism was recently proposed to explain the growth mechanism of TTS in a AISI1045 
Steel by repeated normal impacts, based on a FE analysis of the multiple impacts [11]. It was 
observed that there was a strong correlation between the zone where Severe Plastic 
Deformations occur and the TTS. In this zone, the cumulated plastic strain increases at each 
impact and can reach large values even in the stabilized impact regime – i.e. when the impact 
scare is no more affected by the repeated impacts - due to the presence of reversal plastic 
strain [16-17]. This cumulative plastic deformation during the stabilized impact regime was 
interpreted as a local mechanical mixing of the material. As suggested by Lu et al [6-9], the 
plastic strain induced grain refinement process under impact conditions is due to the 
combination of the large plastic strain reached locally and the high strain rates induced by 
the impacts (between 100 s-1 and 1000 s-1). Hence, when plastic deformation reaches a given 
value, nanocrystalline structures may be created. The TTS is very hard, thus, it acts as a new 
indenter on the region below, which will also be transformed into a TTS following the same 
mechanism. Consequently TTS should grow progressively, starting from the surface as 
sketched on Fig 3. 
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Fig 3 – Mechanism proposed by Kermouche et al [11] to explain the creation and the growth 
of TTS under repeated impact tests 
 
The main parameters governing the formation of TTS zones using this mechanism appears to 
be the number of cycles and also the kinetic energy of the indenter in relation with the strain 
hardening of the material. It was also shown that the rise of temperature during one impact is 
not high enough to induce alone structural changes in the material and that the main effect of 
the high hydrostatic pressure is to ensure that the material could undergo this severe plastic 
deformation in preventing damaging phenomena. It shall be noted that this model suffers of 
a strong limitation because it is only based on the macroscopic stress-strain curve and not on 
microstructural related quantities such as dislocation densities (SSD, GND) or grain size 
distribution [17-21]. Nevertheless, as shown in Fig4 , it leads to very satisfying agreements for 
the air cooled C45 in assuming that the plastic strain threshold for the nanocrystallisation 
onset is close to 2.0. This strain level may appear as not large enough to result in mechanical 
nanostructuration with common SPD treatments. This shall be a consequence of the complex 
strain path, the high strain rate and plastic strain loops induced by the repeated impacts 
which can promote the dislocation cell population increase. More details on the Finite 
Element Analysis can be found in our previous paper [11]. 

 
Fig 4 : Left –  TTS shape  predicted with FEA and compared to the one observed on the C45 
steel annealed (BS –SEM image). Right - Evolution of the TTS thickness as a function of the 
number of impacts. The plastic strain threshold for the creation of TTS is set to 2.0 in the 
FEA. 
 
One question dealing with this mechanism is the apparent necessity to repeat impacts to 
create the TTS. It could be formulated as follows: “Is it possible to create such Mechanically 
Attrited Structure using a single high energy indentation test?” To address this issue in a 
simple way, we investigate the microstructure evolution induced by the deep indentation of a 
hardened AISI52100 1 mm diameter ball in the air cooled C45. This test was performed using 
a 100 kN compression set-up.  
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Fig 5 - deep indentation of an hardened AISI52100 (100c6) in the air cooled C45 steel. No 
significant TTS have been observed. FEA reveals that the plastic strain level induced by this 
loading is not high enough to result in TTS formation, contrary to repeated indentation. 
 
As shown on Fig 5, there is almost no TTS created by such a process or just a small amount 
that cannot be identified through an optical micrography. This is correlated to the plastic 
strain level resulting of the deep indentation finite element analysis. The impact scare is the 
largest as possible because the ball was fully embedded in the C45 steel after the test. By 
referring to classic indentation theory where the equivalent strain is computed as the ratio of 
the indent scare and the ball radius [22], it means that the plastic strain level should be 
higher in the case of deep indentation. It underlines the importance to take into account the 
reversal plastic strain induced by the loading/unloading cycles. One may ask about the effect 
of the strain rate which is known to influence nanocrystallisation by severe plastic 
deformation [9]. The equivalent strain rate, computed as the ratio between the indentation 
rate over the ball radius [22] was estimated to be close to 10 s-1 with the deep indentation 
test, which is lower than the equivalent impact strain rate (100 - 1000  s-1). However it is not 
so drastically different and thus cannot explain alone the difference observed in terms of 
microstructure. 
 
4. Heat treatment effect on the TTS creation. 
The TTS revealed after 7000 impacts is shown on Fig 6. A first conclusion is that the TTS 
shape is strongly related to the Hardness. For the Water Quenched samples (C45W), there is 
almost zero TTS after 7000 impacts but a significant amount exists after 1000 impacts (Fig 
7). It can be seen that the TTS area for all samples is not homogeneous and the ferrito-perlitic 
structure may still be observed, even if the grains appear to have a drastically reduced grain 
size and are highly deformed. This modified structure exhibits a typical foliated structure. It 
can be noted that a highly fractured and coarse layered structure may be observed at the 
subsurface (Fig 7). EDS analyzes (not shown in this paper) have revealed the high oxygen 
contact of some lamellae, which suggests the presence of Fe203 iron oxides in the foliated 
structure. It has to be noted that this oxygen presence may be observed at depth as high that 
microns where no direct contamination could be imagined. It therefore suggests the 
occurrence of significant matter flow in the affected area confirming the severe plastic 
deformation induced by the repeated impact and the mechanism proposed in [11]. 
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Fig. 6 : TTS shape after 7000 impacts for the different heat treatments. 

 
 
The TTS thickness as a function of the number of impact is plotted on Fig 7. It can be noticed 
that for the Water Quenched Sample, there is a TTS formed during the first 1000 impacts 
then it is progressively removed by the following impacts. This could be interpreted as a 
consequence of the TTS brittleness inducing a bad resistance to erosive wear under normal 
incidence. This conclusion can also be drawn for the other heat treatments but with an 
erosive wear process starting at a higher number of impacts. Let us note that the TTS 
thickness after 30000 impacts is almost similar for samples C45A, C45WT4 and C45WT5. 
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Fig. 7 : Evolution of the TTS thickness as a function of the number of impact for different heat 

treatments. 
 
These results highlight that the TTS thickness and its growth with the number of impacts is 
governed by the hardness (and thus the ductility). By comparing the result on the samples 
C45A (215 Hv), C45WT4 (420 Hv) and C45W (810 Hv), it is possible to conclude that the 
higher the hardness, the lower the TTS thickness. Nevertheless this simplistic explanation 
fails if one tries to compare the results on the samples C45A (215 Hv) and C45WT5 (320 Hv), 
where the TTS growth is almost similar even though the hardness of the C45WT5 is 50% 
higher. As the Vickers hardness is related to a single point of the stress-strain curve (i.e. the 
stress for a plastic strain around 8% [23,24]), it is not able to give a full account of the cold 
hardening capability. For that purpose, we recently developed a method based on repeated 
micro-impact tests to measure the stress –strain curve in strain rate range in relation with 
the impact tests [22]. The stress-strain curve for each sample is plotted on Fig 8. 
Surprisingly, the samples C45WT4 and C45W exhibit the same stress-strain dependencies 
and not the samples C45WT5 and C45A as we could expect from the results of Fig 7. Only one 
conclusion can be drawn from these results: a one-to-one correspondence between the TTS 
growth and the stress-strain curves cannot be found. Consequently, it is necessary to take 
into account physical parameters such as lattice curvature and/or grain size distribution to 
model correctly this phenomenon such as the model developed for dynamic recrystallization 
[21] or SPD-induced nanocrystallisation [19,20]. 
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Fig. 8 : Stress-strain curves at 100 s-1 measured using the repeated impact set up and the 
procedure described in [22]. The JC law refers to the stress-strain curve identified with a 

Hopkinson bar device [25]. 
 
5. Conclusion 
It is shown in this paper that 

• SPD–induced nanocrystallisation (or Tribologically Transformed Structure) may 
happen under repeated normal micro-impacts such as in the case of impact-based 

surface mechanical treatment (SMAT, NanoPeening, …), 

• significant amount of TTS can be created contrary to most of impact based processes, 

• the first TTS amount is created after a given number of cycles when a critical value of 
the cumulated plastic deformation is reached (plastic shakedown). Then the newly 
formed TTS acts as an indenter on the region below, which will also be transformed 
into a TTS following the same mechanism, 

• single deep indentation could not produce TTS whatever the load applied on the 
indenter showing that the reversal plastic strain during the loading/unloading cycles 
play a major role, 

• there is a maximum thickness of TTS depending on the surface hardness and the 
impact conditions, 

• for high impact numbers, erosive wear lead to a decrease of the TTS thickness, thus a 
critical number of impacts can be defined to optimize the TTS amount, 

• there is apparently not a one-to-one relation between the TTS growth and the stress-
strain curves indicating that physical parameters such as the GND dislocation density 
have to be taken into account to simulate the TTS growth accurately. 

 
More generally, it is shown that the use of micro-percussion devices could make possible to 
reach an improved understanding of impact-based processes as the TTS growth kinetics can 
be directly related to impact conditions (impact energy, indenter radius, location) contrary to 

SMAT or NanoPeening process 
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