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The present paper is focused on the investigation of the correlation modeling of hardness and compressive residual stress 
on the surface and subsurface regions of case-hardened 18CrNiMo7-6 steels subjected to shot peening. The results exhibit 
that the relationship between hardness and compressive residual stress can reasonably well be approximated by an inverse 
linear model. The analysis suggests that the slope and y-intercept of the inverse linear trend line can be related to the 
compressive residual stress level and the initial material hardness respectively. It is further revealed that the negative effect 
brought by the peening-induced roughness on the measurement of experimental data computed on the surface can be 
compensated by performing the normalization using the roughness parameter called the maximum valley height (Sv).  
Keywords: high strength steel, shot peening, hardness, residual stress, roughness. 

 
1. INTRODUCTION∗ 

Mechanical surface treatments (e.g. shot peening) are 
widely used in engineering applications to enhance the 
material properties of mechanical components after thermo-
chemical surface treatments (e.g. carburizing). As 
mechanical treatments are mostly benefitted for producing 
compressive residual stress, while thermo-chemical 
treatments are mostly benefitted for increasing hardness, the 
combination of both is generally applied to create a highly 
localized plastic deformation for the formation of a deep 
work-hardened and compressed subsurface layer [1, 2]. 
Such improved properties can help to increase fatigue 
strength by retarding fatigue crack initiation on the surface 
and reducing fatigue crack propagation rate in the 
subsurface layer [3 – 6]. As fatigue performance is governed 
by the combined effects of hardness and compressive 
residual stress on the surface and subsurface regions 
[7 – 10], the assessment of their relations can be useful to 
determine the expressions that describe their empirical 
relationships, serving as a tool to predict the properties 
favourable for enhanced fatigue performance. 

In previous study, Llaneza et al., who focused their 
investigation on the influence of shot peening intensity on 
the hardness, compressive residual stress and surface 
roughness of quenched and tempered AISI 4340 steels, have 
reported that the (surface and maximum) compressive 
residual stress and the surface roughness (through Ra and 
Rmax) can separately be connected to the hardness through 
inverse linear relations [8]. But in their studies, the steel 
initial hardness is used instead of the surface strengthened 
steel hardness. Though the surface roughness has been 
recognized as a well-known side effect brought by 
mechanical treatments, it should however not be 
disregarded when determining the surface hardness and 
residual stress because it can cause a serious deviation in the 
                                                 
∗ Corresponding author. Tel.: +86-6778 1235.  
E-mail address: erliang.zhang@zzu.edu.cn (E. Zhang) 

measurement results [11 – 13]. Thereby, in another study 
conducted by Marteau et al., which is focused on the 
identification of a relation between surface hardening and 
surface topography induced by shot peening on AISI 316L 
stainless steels, it has been shown that the best empirical 
relation between hardness and roughness can well be 
obtained with the most relevant surface roughness 
parameter denoted as five point valley height S5v′ parameter 
[10]. 

The present paper aims at investigating the correlations 
between hardness and compressive residual stress produced 
by shot peening in case-hardened 18CrNiMo7-6 steels. 
Furthermore, simple mathematical expressions are provided 
to evaluate their relations on the surface and subsurface 
regions. As peening-induced roughness elements are 
present on the surface, they could be an obstacle to the 
measurement of experimental data computed on the surface, 
and thereby, effort is also made to examine how surface 
topography can be disregarded when assessing the 
correlation modeling of surface hardness and surface 
compressive residual stress. 

2. EXPERIMENTAL DETAILS 

2.1. Material 
The target material is a case-hardened 18CrNiMo7-6 

steel treated using heat treatment conditions in agreement to 
ANSI/AGMA B89-2004 [14], with its initial chemical 
composition of (in wt.%) C: 0.15 – 0.21, S ≤ 0.035, 
Si ≤ 0.40, Mn: 0.50 – 0.90, P ≤ 0.025, Cr: 1.50 – 1.80, 
Ni: 1.40 – 1.70, Mo: 0.25 – 0.35, Fe: balance. 

2.2. Shot peening treatment 
Shot peening is performed with the air blast shot 

peening machine. The specimens are treated by shot peening 
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with different intensities and shot diameters. The intensities 
of shot peening measured by the arc height of Almen 
specimens are within the range of 0.25 mmA and 
0.45 mmA. Cast steel balls with diameters of 0.3 mm and 
0.6 mm are selected as shot blasting media. The coverage of 
200 % is employed for all peening processes, which is by 
doubling the exposure time needed to achieve full coverage 
(100 %). The different shot peening configurations of 
immediate interest that are applied in the present study are 
detailed in Table 1. 

Table 1. Shot peening parameters of immediate interest. 

Variant Shot diameter, 
mm Coverage, % Almen 

intensity, mmA 
CP0  –   –   –  
CP1 0.3 200 0.25 
CP2 0.6 200 0.25 
CP3 0.6 200 0.45 

CP4 0.6 
0.3 200 0.45 

0.25 

2.3. Measurement methods 
The hardness is measured along the depth of the cross-

section of specimens using a Vickers hardness tester with a 
load of 200 g and a holding time of 10 s. Considering the 
material's heterogeneities and measurement errors, three 
hardness measurements are acquired at each depth, whose 
average values are used. 

The residual stress is measured by the X-ray stress 
analyzer (LXRD, Proto, Canada) using Cr-Kα radiation and 
the martensitic {211} crystalline plane. The voltage and 
current are respectively 30 kV and 25 mA. The measured 
interference peaks are evaluated by the sin 2ψ method with 
the diffraction angle (2θ) varying from  – 45° and 45°. The 
in-depth profiles of the residual stresses are determined by 
performing first iterative electrolytic removal of thin surface 
layers followed by X-ray in-depth measurements. 

The surface states of the specimens are examined by 
Veeco Wyko NPFLEX optical profiler. The measured 
surface topographies are characterized by five amplitude 
surface roughness parameters, which are frequently used to 
measure vertical characteristics of the surface deviation [15]. 
These parameters, which are computed in agreement to ISO 
25178-2012 [16], include arithmetic mean height (Sa), root 
mean square (Sq), maximum height (Sz), maximum peak 
height (Sp) and maximum pit height (Sv). Taking into 
account the spatial surface roughness variations, the 
presented surface roughness data are the values averaged 
over three measurement zones on each specimen. 

3. RESULTS AND DISCUSSION 

3.1. Analyses of (sub)surface layer properties 
3.1.1. Surface finish 

Fig. 1, presenting the surface topographies of shot 
peened specimens, shows that shot peening is a process 
which is capable of producing surfaces with a rather high 
degree of roughness.  

The surface states of all investigated specimens are 
discussed in the following using the roughness parameter Sa, 
commonly used for description of an overall measure of the 

texture comprising the surface (cf. Table 2). 

 
Fig. 1. Surface topographies: a – CP1; b – CP2; c – CP3 and  

d – CP4 specimens 

For CP0 specimen, the Sa value is equal to 2.51 µm. 
From Table 2, it is shown that when Almen intensity is low, 
the impact of shot peening using fine shots (CP1 specimen, 
cf. Fig. 1 a) is equivalent to the effect of surface polishing. 
But if larger-sized particles are used (CP2 specimen, cf. 
Fig. 1 b), the roughness level is increased, implying that 
higher level of plastic deformation is produced and thus, the 
surface is roughened. 

Table 2. Values of the surface roughness parameters defined by 
ISO 25178 [16] 

Amplitude 
parameters CP0 CP1 CP2 CP3 CP4 

Sq, µm 3.10 2.44 3.42 2.68 2.31 
Sp, µm 11.10 9.98 15.22 12.30 8.38 
Sv, µm 9.77 10.32 12.94 12.03 8.24 
Sz, µm 20.88 20.28 28.20 24.28 16.6 
Sa, µm 2.51 1.97 2.69 1.89 1.86 

Table 2 also shows that as the peening intensity 
increases (CP3 specimen, cf. Fig. 1 c), the Sa value 
decreases, which is found to be in accordance with Refs. 
[1, 17, 18]. The use of very high energy larger-sized 
particles can hardly alter the surface roughness due to the 
attainment of a critical limit of the plastic deformation. 
Thus, the continuous impingement of the very high energy 
larger-sized particles on the specimen surface will 
subsequently flatten the remained high spot areas and 
thereby, creating a smoother surface with reduced 
roughness value.  

When repeening process is performed (CP4 specimen, 
Fig. 1 d), the Sa value of CP4 specimen is found to be quasi-
similar to the one of CP3 specimen. The previously used 
CP3 peening condition has induced a rather regular surface 
state by smoothing sharp corners and thus, the application 
of CP1 repeening process condition, which is deemed to 
have surface polishing effects, would have generated a very 
little beneficial effect on the prior-treated surface state. 
Though the repeening process produces a quasi-
insignificant roughness improvement effect on the prior-
treated specimen, it will be shown in the following that the 
repeening process can improve the surface and subsurface 
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layer qualities of 18CrNiMo7-6 steel in terms of hardness 
and compressive residual stress. 

3.1.2. Hardness 

In Fig. 2, the in-depth distributions of hardness are 
presented for all peened specimens. The figure shows that, 
regardless of peening conditions, the specimens do have a 
similar variation tendency of hardness distributions, i.e. first 
increases sharply and attains a peak value, then decreases 
progressively with increasing depth and finally reaches a 
constant value. The trend of the decrement in hardness 
values is mainly caused by the reduction of not only carbon 
content but also plastic deformation from the surface all the 
way down to the core [19]. 

 
Fig. 2. Hardness distribution curves of all peened specimens 

From Fig. 2, it can be seen that the values of surface 
hardness are much smaller than that of peak hardness, which 
might be a result of the counteraction of the high surface 
roughness produced by mechanical surface treatment 
methods such as machining and shot peening. It can also be 
observed from the figure that regardless of peening 
conditions, the case depths are approximated to be 
~ 2450 µm while the peening-induced depths are evaluated 
to be ~ 120 µm. In the earlier work, the microstructural 
alterations such as grain refinement and martensite 
transformation are very often found to be the principal 
dislocation-mediated mechanisms by which these highly 
deformed surface and subsurface regions are formed  
[4, 19 – 22].  

3.1.3. Residual stress 

In Fig. 3, the in-depth distributions of residual stress are 
depicted for all peened specimens. It can be seen that, 
regardless of peening conditions, an obvious trend of 
compressive residual stress distribution is obtained in the 
surface and subsurface regions; the compressive residual 
stress first increases to a maximum value, then decreases 
gradually along the surface layer depth and remains constant 
thereafter. 

Fig. 3 shows that the values of surface compressive 
residual stress are much smaller than that of peak 
compressive residual stress. This might be a consequence of 
the counteraction of initial tensile residual stress and 
elevated surface roughness developed by the prior surface 
machining [17]. Regardless of peening conditions, the 
maximum depths of compressive residual stress are 

estimated to be ∼ 90 µm while the total depths of 
compressive residual stress are approximated to be 
∼ 300 µm. This implies that the shot peened specimens have 
most probably attained the plastic strain limiting values and 
as a consequence, the continuous impingement of shot 
particles would not further deepen the depth of the 
compressed region. 

 
Fig. 3. Compressive residual stress distribution curves of all 

peened specimens 

The above-obtained results show that the effect of shot 
peening parameters on the incremental of the estimated 
overall hardness values (cf. Fig. 2) can be considered as 
quasi-trivial as compared with that of the measured overall 
compressive residual stress values (cf. Fig. 3). This 
observation can mainly be a consequence of: 
1. the formation of a very hard case-hardened surface 

layer by carburizing. Thereby, when shot peening is 
applied on these very hard carbon-concentrated 
regions, less localized plastic deformation is produced 
resulting thus, in an insignificant variation of the overall 
hardness values regardless of the shot peening 
conditions; 

2. the accommodation of plastic deformation by various 
dislocation-mediated mechanisms such as generation 
and rearrangement of dislocations [23]. Thereby, it 
becomes not unexpected that peening-induced 
dislocations contribute to plastic strain accumulation 
which produces high level of compressive residual 
stress. 
The obtained finding suggests that carburizing is more 

advantageous in terms of hardness distributions while shot 
peening is more beneficial in terms of compressive residual 
stress distributions. So, if the combination of carburizing 
with shot peening is used, a positive synergistic effect can 
be anticipated, as previously confirmed in Refs. [1, 2]. 

3.2. Assessment of inter-relationship between 
hardness-residual stress-roughness 

In Fig. 4, the variation of hardness is plotted versus 
compressive residual stress for carburized specimens 
subjected to various shot peening treatments. Two distinct 
correlation regimes can be distinguished: one is for the 
subsurface (marked by the square symbol in red) and the 
other one is for the surface (marked by the cross symbol in 
black). In these two regimes, the hardness (HV) is revealed 
to decrease with the increment of residual stress (RS), i.e. 
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HV is inversely proportional to RS. This suggests the 
presence of the inverse linear relationship between HV and 
RS, in coherence with previous work [8]. Giving this 
proportionality, the relation that relates HV and RS can be 
expressed as HV =  –  a RS + b, where a and b are the 
constants that can directly be acquired by the slope and y-
intercept of the computed inverse linear regression 
relationship. The strength of the relationship between HV 
and RS is then measured using the correlation coefficient 
value (R2). 

 
Fig. 4. Modeling of hardness (HV) and residual stress (RS) using 

linear function 

3.2.1. Correlation modeling of hardness and 
compressive residual stress on the subsurface 
region  

In the first subsurface correlation regime presented in 
Fig. 4, the functional relationship between peak hardness 
(HVpeak) versus peak residual stress (RSpeak) is exhibited. 
With R2-value of 0.90, the supposed inverse linear 
correlation of HVpeak and RSpeak can be considered as rather 
strong and thus, it can be regarded to be rather viable. This 
finding shows that the contribution of RSpeak to HVpeak is not 
negligible, indicating the dependency of HVpeak to RSpeak. 

From Fig. 4, the inverse linear model is found to 
describe the line between HVpeak and RSpeak with a value of 
0.466 and b value of 413.3. The estimated a-value of 0.466 
is found to be quasi-similar to the one obtained in the 
literature (a ≈ 0.5) [8], suggesting the efficiency of the 
inverse linear model in describing the correlation of HVpeak 
and RSpeak generated by the combination of shot peening and 
carburizing. The y-intercept b of 413.3 observed hereby 
seems to be in contrast with the one obtained in a previously 
conducted study, showing the absence of the y-intercept in 
their established mathematical expression that relates RSpeak 
to the initial steel hardness (HV0). Thereby, the y-intercept b 
of 413.3 can be considered as the constant concerned with 
HV0, i.e. the hardness of the core material without subjected 
to any surface treatment method (cf. Fig. 2). 

3.2.2. Correlation modeling of hardness and 
compressive residual stress on the surface region 

In the second surface correlation regime, the variation 
of the surface hardness (HVsurface) plotted as a function of the 
surface residual stress (RSsurface) is given in Fig. 4. From 
Fig. 4, the inverse linear model, describing the line between 
HVsurface and RSsurface, yields the a-value of 0.597 and b-value 

of 438.56. With this information, two remarks can be made: 
1. the a-value (≈ 0.597) calculated in the surface 

correlation regime, which is noted to be similar to that 
obtained in the literature (≈ 0.600) [8], is found to be 
larger than the one computed in the subsurface 
correlation regime (≈ 0.466). The earlier work shows 
that the parameter a, which is hereby acquired by the 
slope of the inverse linear relationships between HV 
and RS, can be related to the magnitude of compressive 
residual stress (CRS), which in return can influence the 
radius size of the contact between indenter and 
specimen surface that determines HV [24, 25]. Indeed, 
when the indenter is pressed into the surface with a 
constant load, CRS tends to push the material towards 
the indenter surface. This causes the formation of 
shallower indent with smaller contact radius and as a 
consequence, the measured hardness value is increased. 
However, when a very high CRS is present at the 
surface and subsurface regions, the treated steel is very 
likely deemed to have attained the critical plastic 
deformation limit. This would contribute to the 
decrement of the percentage reduction in indentation 
depth and size and as a result, the measured difference 
in hardness is lowered.  

2. the b-value (≈ 438.56) computed in the surface 
correlation regime is observed to be quasi-similar to the 
one estimated in the subsurface correlation regime 
(≈ 413.3). This observation once again reaffirms that 
the parameter b, which is acquired by the y-intercept of 
the inverse linear relationships between HV and RS, can 
be the constant corresponded with the initial steel 
hardness (HV0). 
Though the inverse linear model can adequately be used 

for description of the correlation between HVsurface and 
RSsurface, the R2-value is however only equal to 0.59, 
implying that all the experimental surface data are not 
regression-fitted using the inverse linear method. This is 
very often stated to be due to roughness elements produced 
by surface strengthening methods as they could act as local 
obstructions in the measurement process of experimental 
data [11 – 13]. 

 
Fig. 5. Variation of surface hardness (HVsurface) as a function of 

roughness parameter Sa 

In view of the monotonic relationship between HVsurface 
and RSsurface, the effect of surface roughness will thereby be 
discussed in the following only with respect to HVsurface. In 
Fig. 5, the variation of surface hardness (HVsurface) with 
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roughness parameter arithmetic mean deviation (Sa) is 
presented. It can be seen from Fig. 5 that HVsurface is 
inversely linear proportional to Sa, which is found to be in 
agreement with results obtained in Ref. [8]. This 
observation affirms that surface roughness can indeed 
influence hardness measurement. It is however found that 
the inverse linear function that relates HVsurface to Sa gives an 
estimated R2-value of only 0.13, suggesting that Sa might not 
be an appropriate parameter for characterizing the peening-
induced surface texture as it is unable to fully describe the 
inherent features of the measured peened surfaces. 

In order to find the roughness parameter that can give 
the best inverse linear relation between HVsurface and surface 
roughness, the correlation coefficient (R2) is used to 
measure its strength. In Table 2, all the R2 values obtained 
for modeling HVsurface and amplitude roughness parameters, 
e.g. Sq, Sp, Sv, Sz and Sa, are presented. From Table 2, it can 
be seen that with R2 value equal to 0.81, the best inverse 
linear correlation between HVsurface and surface roughness is 
given by the parameter maximum valley height (Sv), 
defining the area below the average level of a surface. The 
result is in coherence with that obtained in Ref. [10], where 
the parameter five point valley heights (S5v) is used to relate 
hardness of peened specimens with their topography. As 
parameters Sv and S5v describe the valley heights, they can 
thereby be considered as directly linked with shot impacts, 
acting as markers of the plastic deformation. They can thus 
be used for characterizing shot peened textures and giving a 
direct linear relationship between valley height and shot 
penetration. 

Table 3. R2 values estimated from modeling surface hardness and 
amplitude roughness parameters with linear function 

Parameter Sq  Sp Sv Sz Sa 
R2 value 0.39 0.64 0.81 0.72 0.13 

To neglect the negative effect brought by the roughness 
produced by shot peening, the correlation modeling of 
HVsurface and RSsurface is hereby assessed by performing the 
normalization using the parameter Sv, which is previously 
identified as relevant in describing the inherent features of 
shot peened surfaces. In Fig. 6, the variation of HVsurface/Sv 
versus RSsurface/Sv is presented. 

 
Fig. 6. Modelling of HVsurface/Sv and RSsurface/Sv with linear 

function 

From Fig. 6, it can be seen that HVsurface/Sv is inversely 
proportional to RSsurface/Sv, indicating that the relationship of 

HVsurface/Sv and RSsurface/Sv can reasonably be approximated 
by an inverse linear model. With the increase of R2 value 
from 0.59 (cf. Fig. 4) to 0.95 (cf. Fig. 6), it is hereby 
suggested that firstly, the contribution of roughness 
elements to surface measurement data is not ignorable; 
secondly, Sv is indeed an optimal roughness parameter for 
characterizing global topography of shot peened surfaces; 
and thirdly, HVsurface and RSsurface can well be related to each 
other when roughness elements are disregarded, as observed 
in the case of HVpeak and RSpeak. 

4. CONCLUSIONS 
In the present work, the relationship between hardness 

and residual stress is investigated at the surface and 
subsurface regions of carburized 18CrNiMo7-6 steels after 
shot peening. The results show that hardness exhibits a 
monotonically decreasing function with residual stress. It is 
revealed that the empirical law that relates hardness to 
residual stress can well be sustained though an inverse linear 
trend line expressed as HV =  –  a RS + b, with a being the 
slope of the line and b being the y-intercept. The analyses 
further suggest that the slope of the line can be related to the 
magnitude of compressive residual stress while the y-
intercept can be connected to the hardness of the core 
material. 

While the peak hardness and peak residual stress exhibit 
a linear relationship with a correlation coefficient of 0.90, 
the surface hardness and surface residual stress show a 
linear relationship with a correlation coefficient of only 
0.59. This latter phenomenon occurs mainly due to the 
presence of peening-induced roughness elements acting as 
obstructions in measurements of surface hardness and 
surface residual stress. Thereby, by performing the 
normalization using a most relevant roughness parameter 
denoted as maximum valley height (Sv), believed to be 
capable of fully describing the surface morphology of 
peened surfaces, the quantitative relationship between 
surface hardness and surface residual stress are found to be 
advanced strengthened. 
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