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Abstract 

As an effective forming technique, peen forming is widely used in sheet metal components 
with large dimensions. However, the production efficiency is seriously limited as several 
peening tests are required before actual production. To address this issue, a numerical 
simulation method of peen forming was proposed. In this work, an elastoplastic peening finite 
element model was developed to study the relations between process parameters and forming 
effects. A set of peen forming tests with different coverages and velocities were conducted to 
validate the model. Results indicate that the maximum errors of converted arc height and 
forming curvature are less than 5% and 14%, respectively. Additionally, the saturation 
phenomenon can be observed as the peening coverage reaches 60%. The corresponding depth 
of the maximum compressive residual stress varies almost linearly with shot velocity. 

Keywords: Peening forming; Forming curvature radius; Residual stress; Surface roughness; 
Equivalent plastic strain 

1. Introduction 

The integral panel is an essential structural component to connect the skin, flange, and 
long truss, and widely used as the primary load-carrying structure of modern planes. The 
integral panel with complex shape directly contributes to the aircraft aerodynamic layout [1], 
which brings significant challenge to the manufacturing process. On the other hand, the strict 
requirement for forming performance of wall panel structures brings considerable challenge to 
the traditional processes [2], such as roll bending, pull forming, and brake pressure. the design 
and manufacturing of integral panels is an urgent demand in current airplane industry [3] . 

Structural components, including integral panels, require to be lightweight while keep high 
mechanical properties [4]. Besides, integrated panels sometimes require special shapes of 
complex curvature [5]. This brings great difficulties in the manufacturing process. The peen 
forming is a practical solution for these challenges. Peen forming has the advantage of flexible 
operation, controllable cost and does not require mold or die process. Thus, it is suitable for 
manufacturing large dimension panels. However, the mechanism of peen forming still requires 
to be discovered. Many machining factors before the process contribute to unexpected plastic 
deformation. Till now, the selection of process parameters largely relies on engineering 
experience and test data.  



There is indirect experimental method based on standard specimen samples for peen 
forming studies. The shot peening intensity, Almen Intensity [6], is defined by the arc height of 
the special specification metal sheets after peening, which is an international common on 
measurement of shot peening intensity [7]. Though the Almen Intensity test has been applied 
worldwide for decades, there is still room for improvement in strength definition[8]. The same 
arc height can be obtained by combining different process parameters, leading to the lack of a 
unified standard for selecting parameters. Inspired by the Almen Intensity test, Wang et al. [9] 
directly simulated the effect of a large number of shots on the standard specimen. They made 
the precise control of peen forming deformation possible, revealing the equivalent relationship 
between shot velocity and peening intensity in the shot peening forming process. And to 
optimize stress peen forming process, Miao et al. [10] determined the quantitative relation 
between peening time, surface roughness and coverage by designing experiments on Almen-
sized Al2024 strips. Yang et al. [11] obtained the forming limit of specimens with different 
thicknesses by establishing the shot peening model of Ti-6Al-4V specimens and successfully 
acquired the phenomenon of concave deformation caused by high shot peening intensity in the 
numerical model. Takahiro et al. [12] analyzed the changes of plastic strain distribution with 
coverage in the peen forming of high-strength Aluminum alloy plate and supposed that 
increasing the coverage could enhance the deformation effect by expanding the plastic strain to 
a larger surface area. According to the finite element model calculation, they also found that 
saturation occurs gradually when the coverage reaches approximately 65% for A7075-T6 plate 
samples. 

The quality evaluation of shot peening should also consider surface integrity factors. 
However, most indirect experimental studies focus on the final forming result, i.e., the radius 
of curvature and arch height after peening, while surface integrity parameters are seldom 
considered. Aiming to explore relationships between process parameters and forming results, 
FEM numerical model of SAE 1070 spring steel specimens was constructed to explore the 
effects of peening coverage and shot velocity. The actual peening test was conducted.  

2. Experimental procedures 

2.1 Material selection and peening treatment 

The standard SAE 1070 specimen was taken as the target to be treated, with dimension of 76.1 × 18.95 × 1.295 mm3. The material composition of SAE 1070 is illustrated in Tab. 1. 

Tab. 1 SAE 1070 steel element content (wt/%) [13] 

C Mn Si S P Ni Cr Cu 

0.68-0.75 0.50-0.80 0.17-0.37 ≤0.035 ≤0.035 ≤0.25 ≤0.25 ≤0.25 

 

The SP1500 manual pressurized shot peening machine, shown in Fig. 1, was applied. The 
chamber dimension is 1500 × 1500 × 1000 mm3. The range of mass flow and shot peening 



pressure are 0 ~ 30 kg/min and 0 ~ 0.8 MPa, respectively. 
During the peening process, the specimen was clamped on the piece holder by screws and 

nuts. The relative position of the nozzle and specimen was adjusted to make the nozzle align 
with the center of the specimen. A distance of 150 mm was also kept so that the shots 
approximately cover the surface of test piece. The S930 hard cast steel shots with 3 mm 
diameter were selected. 

 

Fig 1. Shot peening machine. 

2.2 Test method 

The test was divided into two aspects, the shaping performance and the surface 
performance. The shaping performance includes the convex arch height and the curvature 
radius. The arch height can be measured by an arch height tester, as shown in Fig. 2 (a). The 
radius of curvature can be calculated by the geometry relation with the assumption of spherical 
deformation. As shown in Fig. 2 (b), there is a rectangular testing area of 31.75 mm ×15.87 mm on the tester, and the eventual arch height of specimen is the height difference 
between center and the midpoint of black lined edges. The geometrical relation between arch 
height and radius of curvature is displayed in Fig. 2 (c), expressed as: 𝑅 = 𝐿28𝐴ℎ                               (1) 
where L is the chordal or tangential length, 𝐴ℎ and R are the value of arch height and radius 
of curvature, respectively. The unit for the three parameters is millimeter. 



 

Fig 2. Measurement with the arch height tester 

The surface performance is evaluated by residual stress, surface topography and surface 
roughness. The residual stress of the specimen was measured by a μ-360s portable X-ray 
diffractometer. Adjust the instrument to be 35 ° to the horizontal plane, and control the working 
voltage and the current as 30 kV and less than 5 mA, respectively. The surface residual stress 
of specimen was measured. 

The surface topography was scanned by a white light interferometer. Each measuring area 
is 40 × 40 μm. Testing parameters are summarized in Tab. 2.  

Tab. 2. Measurement objects and testing equipment  

Measurement Objects Testing Equipment 

Surface topography  Kynex 3D Ultra Depth of field system 

Surface roughness RTEC white light interferometer 

Residual stress 

Arch height and curvature radius 

μ-360s portable X-ray diffractometer 

PAO100 Arch height tester 

3. Numerical Methodology 

3.1 Basic assumptions 

Fig. 3 shows the mechanism of peen forming process. As illustrated in the figure, the basic 
principle of peen forming is similar to shot peening. When shots with a high velocity impact 
the metal sheet surface, the uneven plastic deformed area will be produced, and stress that 
brings the sheet a trend of extension will also be induced. To achieve the static equilibrium of 
stress within the sheet, bending deformation that is required will be generated on the sheet [14].  

When the restriction of the metal sheet is canceled, the induced stress returns to the 
unbalanced state so that the plastic strain layer on the surface extends to all directions 
horizontally. The increased area of the peened surface makes the metal sheet convex against the 
shot peening direction to achieve the required curvature shape structure [15]. This process is 



illustrated as the bending deformation in the upward bulge direction in Fig. 3 (b) and is named 
as the spring back process. 

 

Fig 3. Schematic of peen forming mechanism a) before deformation; b) after deformation  

 

Because the plastically deformed layer is quite thin compared with the entire metal sheet, 
while the bending deformation under the plastic deformed layer can be supposed as elastic 
bending, the entire sheet can then be divided into two layers, the upper and lower layers with 
plastic and elastic deformation, respectively. For the lower elastic layer, the bending moment 
driven by the residual compressive stress in the upper plastic layer acts as the external moment 
[16]. As a consequence, to develop the analytical model during the bending deformation process, 
basic assumptions must be made as follow: 

(1) Residual stress leading deformation assumption: the sheet deformation during the 
spring back process is mainly influenced by the value and distribution of residual 
stress; 

(2) Sheet hierarchical assumption: the sheet can be separated into plastic and elastic 
layers, and the bending effect from the residual stress in the plastic layer to the lower 
layer can be seen as external moment; 

(3) Uniform peening assumption: the impacting coverage is uniform for the sheet, and 
since the plastic strain layer is thin, the residual stress is also assumed to be uniformed 
that there is no concentration of stress; 

(4) Sheet free deforming assumption: during the spring back process the sheet is in the 
free state, not affected by the external force restriction; 

(5) The other acceptable assumptions from mechanic in materials, including the normal 
basic assumption involving bending deformation, such as the plane assumption of 
bending, the assumption that the sheet material satisfies isotropic and uniformity 
properties and so on.  

3.2 Analysis of bending deformation process 

Based on the basic assumptions, parameters involved in the deforming process are 
illustrated in Fig. 4. The blue part represents the plastic deformed layer while the lower gray 
part represents the elastic deformed layer. According to Assumptions (2) and (3), if the 
horizontal plane (X axis) in the Fig. is selected as the center, the moment produced by residual 
stress 𝑀𝑟 reads:  𝑀𝑟 = 𝐹 × 𝑑 = (𝜎𝑐 × 𝑆𝑐) × ℎ−𝛿22 = 𝜎𝑐𝛿𝑏(ℎ−𝛿2)2                (2) 



Where 𝜎𝑐 is the residual stress of the plastically deformed layer in MPa, 𝛿 is the depth 
influenced by the compressive residual stress of the plastically deformed layer, with unit of mm; 𝑆𝑐 is the sectional area of the plastic layer in mm2, while h and b are the sheet thickness and 
unit width of the peened area, respectively, both with unit of mm.  

 

Fig 4. Schematic of a) the peened sheet; b) stress moment with the section 

As illustrated in Fig. 4(b), it is obvious that the external bending moment from plastic layer 
offset with the equivalent moment generated by the internal stress of elastic layer. Then the 
equivalent moment can be obtained from the internal stress integral of the ABCD section, from 
the section bending moment formula: 𝑀 = ∫ 𝜎 × 𝑦𝑑𝐴𝐴                         (3) 

In which y is the height difference from a horizontal plane in the integral section to the 
central axis in the vertical direction, then from the above, it has: 𝑀𝑒 = ∫ 𝜎(𝑧) × 𝑦𝑑𝐴𝐴𝑒 = ∫ 𝜎(𝑧) × (h − δ2 − z) × 𝑏𝑑𝑧ℎ−𝛿

0  

                  = ∫ 𝐸×𝜀(𝑧)1−𝑣 × (h−δ2 − z) × 𝑏𝑑𝑧ℎ−𝛿0                 (4) 
Where 𝑀𝑒 is the external equivalent moment generated by the internal stress of the elastic 

layer (MPa), 𝜎(𝑧) is the stress at height of z, and combined with the strain expression of 

bending deformation, 𝜀 = 𝑦𝑅, the expression (4) becomes:  𝑀𝑒 = ∫ 𝐸1−𝑣 × 𝑦2𝑅𝑒 𝑏𝑑𝑧ℎ−𝛿0 = 1𝑅𝑒 𝐸1−𝑣 ∫ 𝑦2𝐴 𝑑𝐴 = 𝐸1−𝑣 𝐼𝑒𝑅𝑒          (5) 
Where 𝑅𝑒 is the radius of curvature after bending, 𝐼𝑒 is the moment of inertia of section 

ABCD; since the plane assumption of bending, this section is rectangular, thus  𝐼𝑒 = 𝑏𝐻312 = 𝑏(ℎ−𝛿)312                            (6) 
Then substituting it into Equation (5), the basic function of radius of curvature can be 

converted as: 𝑅𝑒 = 𝐸𝐼𝑒𝑀𝑒(1−𝑣) = 𝐸𝑏(ℎ−𝛿)312𝑀𝑒(1−𝑣)                      (7) 
Now from Assumption (4), the internal static equilibrium should be satisfied, that the 

external moment and the equivalent moment from the internal stress of material can be offset 
as 𝑀𝑟 = 𝑀𝑒, then the 𝑀𝑒 in expression (10) can be replaced by 𝑀𝑟 of expression (2):  𝑅𝑒 = 𝐸𝑏(ℎ−𝛿)312(1−𝑣) 2𝜎𝑐𝛿𝑏(ℎ−𝛿2) = 𝐸(ℎ−𝛿)36(1−𝑣)𝜎𝑐𝛿(ℎ−𝛿2)             (8) 

Which is the relationship between the generated radius of curvature and sheet material 



properties (E, 𝑣), the residual stress distribution (𝜎𝑐、𝛿) and the geometry dimension of the 

sheet. 
In the above expression of radius of curvature, the affecting result from impacting stage is 

defined in the residual stress value and depth. While from the generalized strain energy function,  

                         𝑊 = 12 𝐹 × ∆                              (9) 

Where F and ∆ are the generalized force and displacement respectively, then the strain 
energy 𝑊𝑝 of the deformed body relative to the neutral plane can be represented as: 𝑊𝑝 = 𝐹∆2 = (𝜎𝑆)×(𝐿𝜀)2 = 12 𝜎�̅�𝑏 (ℎ+𝛿)2 × 2 × 𝐿𝜀�̅� = 𝜎�̅�𝜀�̅�𝐿𝑏(ℎ + 𝛿)/2  (10) 

In which 𝜎𝑐̅̅̅ is used to describe the averaging value of equivalent stress in the whole metal 
sheet, and 𝜀�̅� is the averaging equivalent strain; considering the plane stress state assumption, 
it reads:  𝜎�̅� = 𝜎𝑥 = 𝜎𝑦 = 𝜎𝑐                           (11) 

Then from the radius function of bending deformation, 𝜀 = 𝑦𝑅 in which y is the distance 

from curved surface, so that: 𝜀�̅� = 2𝜀𝑥 = 2𝜀𝑦 = 2 × ℎ−𝛿22𝑅 = ℎ−𝛿2𝑅                 (12) 

Relative to the entire system, the equilibrium function of energy is: 
 𝑊 = 𝑊𝑝 + 𝑊𝑒 + 𝑊𝑓 = 𝜆𝑊                    (13) 

Where W is the energy from shot impacts, 𝑊𝑝 and 𝑊𝑒 is the energy of plastic and elastic 
strain respectively, while 𝑊𝑓 is the friction loss during impacting and 𝜆 is energy converting 
coefficient. Equations (12) and (13) can be substituted into Eq. (11) as: 𝜎𝑐 = 2𝜆𝑊𝑅𝑙𝑏(ℎ+𝛿)(ℎ−𝛿2)                        (14) 

Taking Equation (14) into (8), the relation between impacting energy and formed radius 
of curvature is obtained: 𝑅𝑒 = √𝐸𝑙𝑏(ℎ−𝛿)3(ℎ+𝛿)12𝜆𝑊𝛿(1−𝑣)                      (15) 

To make the function much closer with normal process parameter, the total flying 
kinematic energy of shot before the impact can be expressed from Kinetic energy formula:  𝑊 = 𝑚𝑉22 = 𝑉22 × 𝜌 × 4𝜋𝑟33 = 2𝜌𝑉2𝜋𝑟33                (16) 

Equation (15) can be converted with (16) as: 𝑅𝑒 = √ 𝐸𝑙𝑏(ℎ−𝛿)3(ℎ+𝛿)8𝜆𝜌𝑉2𝜋𝑟3𝛿(1−𝑣)                      (17) 
However, in the field of engineering practice, if the thickness of uniform residual stress 

layer is negligible compared with the entire h, then the above can be simplified into: 𝑅𝑒 = √ 𝐸𝑙𝑏ℎ48𝜆𝜌𝑉2𝜋𝑟3𝛿(1−𝑣)                        (18) 
The derived theoretic model will be implemented in the following plastic FEM simulation.  



3.3 Finite element model 

3.3.1 Simulation flow of peen forming 

From the derivation in the last section, the peen forming process can be divided into two 
stages, the collision impact stage (explicit calculation) and spring back stage (implicit 
calculation). ABAQUS Standard/Explicit modules are combined to make the simulating 
calculation, that the whole coupling calculation process is given in Fig. 5.  

 

Fig 5. Schematic diagram of explicit and implicit calculation process of ABAQUS model  

 

The generation of random shot impact positions is implemented in an in-house code and 
adopted in a pre-process, by compiling the re-developmental Python program for ABAQUS. 
As a first step, a certain number of shots are randomly generated in the area above the target, 
and then the created contact relationship is given between the target and each shot. The number 
of shots for a certain coverage is calculated by the impacting area and dimple dimension through 
the Avrami formula [17]. The related calculation can also be quite efficient if is compiled in to 
functions, and the formula is show below: 𝐶 = 1 − 𝑒−𝐴𝑟 = 1 − 𝑒−𝑁𝜋𝑑24𝐴𝑝                    (19) 

where C is the coverage to be reached for the surface, and N is the required number of 
shots, while 𝐴𝑟 is the indentation ratio that is the ratio of the total area of the dimples to the 
total peened area on the sheet surface, in which d is the diameter of the dimple (mm) and 𝐴𝑝 
is the area of the peened region (mm2). The dimple dimension is obtained from the single shot 
impacting model. 

3.3.2 Parameters of finite element model for shot peening 

In this paper SAE 1070 steel is selected as material to be peened, whose dimension is 76.1 (length) × 18.95 (width) × 1.295 (thickness) in mm. In terms of material properties, 
since shot impact is a shock load, severe plastic deformation will occur to the plate in a very 
short time, it is important to select an appropriate hardening model. Therefore, the Johnson-
Cook model that can describe the influence of high pressure and high strain rate on the yield 
stress of materials are selected [18]. The constitutive model is represented as:  



𝜎 = (𝐴 + 𝐵𝜀𝑛) × [1 + 𝐶𝑙𝑛 ( 𝜀�̇�0)] × [1 − ( 𝑇−𝑇0𝑇𝑚−𝑇)𝑚]          (20) 
where 𝜎 is the obtained equivalent stress, 𝜀0̇ and 𝑇0 are the quasi-static strain rate and 

temperature reference, while 𝜀  and T are the considered strain rate and temperature 
respectively, and 𝑇𝑚 is the melting point of metal. 

Constants A, B, C and n respectively represent five material parameters obtained from the 
test, and the material properties selected by literature[19] are given in the table below.  

Tab. 3. SAE 1070 steel Johnson cook model parameters [19] 

A（MPa） B(MPa) C n M(℃) 

1048 600.8 0.0134 0.234 0 

 

The S930 hard cast steel shot with 3 mm diameter is selected as the shot, and its material 
property is set to the conventional isotropic model.  

The symmetric model is considered to reduce the calculation cost, so that the 1/4 specimen 
model was built up. The symmetric constraints in both length and width direction were imposed 
to the outer surface to simulate the entire process specimen being peened.  

 
Fig 6. The impacting model of the peening process 

 

For peening coverage, an increment of 10% is set to explore the influence of the parameter 
between 20% and 80% sequentially on shaping result and surface performance. While for shot 
velocity, 40% is set as the coverage and 5 m / s is the interval. Then with the empirical formula 
(21) [16] and comprehensive consideration on the working capacity of the equipment used, the 
selected range of exploration is between 20 m/s and 60 m/s. 𝑉 = 163.5𝑃1.53𝑀+10𝑃 + 295𝑃0.598+10𝑃 + 483. 𝑃                      (21) 

where P and M are the air pressure and flow rate working parameters, and V is the 
calculated impacting velocity of the discharged shots. In addition, the impacting coverage of 
each specimen is controlled by the peening time during the test.  



4. Results and Discussion 

4.1 Effect of shot peening coverage on forming 

4.1.1 Effect of shot peening coverage on shaping result 

The comparison of arch height between the specimen measured in the test and the 
numerical simulation is given in Fig. 7 below. From the fitting curve of the numerical model, 
when the coverage rises from 20% to 50%, the increases of arc height by nearly 0.145 mm. 
When the coverage rises by the next 30%, the growth of arc height is limited to only 0.040 mm. 
It is clear that saturation convergence occurs during the process. Further, when the number of 
shot impacts increases by 2 times but the maximum arc height increases by less than 10%, it 
can be supposed to be reaching saturation [10,21]. This is based on the definition of the 
saturation point of the peened specimen and the summarized expression is below: 𝐴ℎ(2𝑁𝑠) = 1.1𝐴ℎ(𝑁𝑠)                        (22) 

where 𝐴ℎ is the arch height produced by a certain number of shot impacts, and 𝑁𝑠 is the 
number of impacts to reach the saturation point. After comparison, it can be discovered that 
when central coverage is 60%, it can be approximately regarded as the saturation point of the 
shot impact mode.  

 
Fig 7. Comparison of forming arc height between test and numerical simulation 

The curvature radius of each arch height value is also calculated by formula (1), shown in 
Fig 8. The saturation of coverage is clearly indicated as the radius value stays nearly stably at 
400 mm when coverage grows beyond 60%. Besides, the two fitting curve reveals that they 
coincide with each other well, with a maximum error rate of only 5.2%. In other words, the 
peen forming experiment evaluates the plastic FEM model well.  

 

Fig 8. Comparison of forming radius of curvature between test and numerical simulation 

  



4.1.2 Effect of shot peening coverage on surface performance 

The influence of the coverage parameter is described by three measurements the residual 
stress, equivalent plastic strain and surface morphology. In the first place, Fig 9 (a) summarized 
the calculated residual stress distribution before the spring back process. It can be observed that 
the absolute value of residual stress in the specimen increases significantly with the rise of 
peening coverage, from roughly 500 MPa to 1400 MPa. Besides, there is a phenomenon that 
though the residual stress value increases with the coverage gradually, the distributed depth 
stays at nearly the same level. The residual stress distribution after spring back process is also 
presented in Fig 9 (b). When the spring back deformation occurs, the compressive residual 
stress in the specimen surface decreases significantly. When coverages arrive at around 60%, 
the tensile stress appears. The reason for the phenomenon can be considered that when the 
central area drives the surrounding regions to bulge upward, the bending deformation causes 
the tension of surface metal fibers. The fiber tension then results in the decrease of surface 
residual compressive stress [22]. Detailly, the maximum tensile surface stress is around 200 
MPa near the saturation point of 60% central coverage, and then decreases to close to 0 again. 
It can also be suggested that when the coverage reaches saturation point, the degree of bending 
deformation hardly changes, but more impact times introduce greater average residual 
compressive stress and more uniform distribution. Eventually, the value of surface residual 
stress decreases again after the rebound. 

 
Fig 9. Comparison of stress profile with removing boundary restriction under different coverage 

 

The distribution of Equivalent Plastic Strain (PEEQ) of the peened target [23] is also 
extracted in the same direction. PEEQ is a physical quantity used to determine the position of 
the yield surface of the strengthened material, which is a common measure of plastic strain in 
ABAQUS. The definition of PEEQ is similar to equivalent stress and strain, and the calculation 
is completed according to the fourth strength theoretical formula of equivalent stress. The 
computing of PEEQ in ABAQUS is: 

0
0

l +
tp

PEEQ dpdt                             (23) 

in which 0l
p

 is the initial PEEQ of the material and dp  is the increment of it.  

Fig.10 is the extracted result of PEEQ. The maximum PEEQ in each coverage model 
before spring back appears at a depth of around 0.14 mm below the surface, and then the PEEQ 
approaches 0 when the depth is close to 1.0 mm. After the spring back process, the peek value 
of PEEQ is almost eliminated and becomes 0. And this is why it is not presented in Fig.10. The 
spring back deformation process is considered to promote the uneven plastic deformation in the 
released specimen, then it gradually tends to be uniform under the action of bending. 
Comparing the distribution of PEEQ and residual stress, it can be observed that when the PEEQ 
value gradually approaches 0, it just approximates the turning point of residual stress from 



compressive to tensile. In other words, it is consistent with the theory produced by non-uniform 
plastic deformation. 

 
Fig 10. Comparison of PEEQ resulted from impacts under each coverage 

 

In addition, by extracting the displacement of nodes on the specimen surface, the surface 
morphology is obtained. Among the many parameters to quantify surface roughness based on 
tactile profile, the Sa, the arithmetic mean of surface roughness parameter is the most intensive 
and commonly used parameter to characterize the level of surface roughness so far [24]. For 
the arithmetic mean value of three-dimensional surface roughness, the calculation expression 
is as follow: 

1

1 n

i

i

Sa Z
n 

                               (24) 

where Zi is the coordinate in the peening direction, n is the number of nodes. Besides, 
another 3D surface roughness parameter Sq, referring to the 3D root mean square value is also 
taken advantage to represent the morphology. Sq is a significant parameter in the surface state 
as it will affect the abrasiveness, sealing and wettability of the material surface, The calculating 
expression of Sq is defined as (25): 

2

1

1
i

n

i

Sq Z
n 

                              (25) 

The calculated surface roughness Sa and Sq parameters from surface morphology are 
summarized in Fig. 11. While the Sa roughness increases almost linearly, the Sq with quadratic 
root character converges after the coverage reaches 50%. Therefore, considering the calculation 
formulas of the two roughness, it can be considered that the roughness changes linearly with 
the central coverage. 

 
Fig 11. Variation of two roughness parameters with central coverage 



4.1.3 Results of shot peening coverage test 

The surface residual stress value of the specimen in the coverage parameter model 
verification experiment is summarized in Fig.12. It should be declared that the value is obtained 
by measuring each specimen at five positions in its length direction, and then calculating their 
average. The black solid line represents the fitting curve of the measured surface roughness 
value. For actual test pieces, it will introduce initial residual stress to the specimen from the 
manufacturing process, which is not considered during the Plastic FEM simulation model. On 
this basis, the non-peened test specimen should be taken as the benchmark. The red dotted line 
is used to represent the interpolation fitting curve of the surface residual stress value. With the 
two solid lines, the relative change value of the surface stress after peen forming is described. 
It can also be observed that with the growing coverage, the measured surface residual stress 
increases gradually until reaching the peak at the coverage of 60%. And then it starts to decrease, 
for which the general trend is in keeping with the variation in the simulation. Thus, from the 
perspective of various tendencies, the test results can qualitatively verify the conclusions in the 
Plastic FEM simulation.  

 
Fig 12. Fitting curve of surface residual stress measured by experiment with coverage  

 

For the surface morphology, the scanning data processing and visualization is completed 
with the help of Gwyddion software, and the morphology of each measurement point at an area 
of 40 × 40 μm is output. In addition, during the calculation of surface roughness value, the 
highest-order polynomial function in Gwyddion software is used to eliminate the influence of 
distinct curvature radius as much as possible. In such case the specimen surface is analyzed as 
a plane. However, the disadvantage of this method is that while it reduces the influence of the 
bulge height of the test specimen, it will also reduce the dimple fluctuation in the calculation. 
Then the calculated roughness value will be too small. Nevertheless, though the numerical 
value cannot be directly quantified according to the simulation results, it can be verified 
qualitatively through the changing trend of roughness value with coverage parameters. The 
measured surface morphology and roughness parameters in the experiment are summarized in 
Fig. 13.  

It can be seen that with the increase in coverage rate, due to the violent impact of shots, 
the processing trace is covered by dimples on larger scale. Besides, the extrusion deformation 
caused by the overlap between dimple areas is gradually intense, resulting in more undulating 
peaks and valleys on the specimen surface, which is rougher on the macro level. 



 
Fig 13. Surface morphology and roughness variation of specimen under each peening coverage  

 

According to the fitting curve in Fig. 13(b), it can be seen that when the coverage increases 
from non-peened to 40%, the calculated roughness Sa changes from 0.08 mm to around 0.15mm. 
When the coverage rises continuously to 80%, Sa also increases significantly to around 0.21 
mm. There is no obvious slow convergence in its growth, and it can still be considered to have 
linear variation characteristics. Therefore, it can be supposed that the simulation results are 
verified qualitatively.  

Based on the simulation and experimental analysis of the peening coverage parameter, it 
can put forward a hypothesis of the phenomenon in the process that roughness increases with 
coverage. The essence can be considered that the local uneven plastic deformation introduced 
by shot impacts gradually covers the whole surface of work piece. Then under the cumulative 
effect, the plastic regions underneath each dimple are combined with each other to gradually 
form a global equivalent plastic deformation layer. As the coverage in this model does not 
exceed 100%, the overlap of the coverage area is not serious, and thus, there is a linear 
correlation with the coverage. For the equivalent plastic deformation region, it can be 
considered that the discrete impact can no longer have a significant impact on the local surface 
roughness of the region. Specifically, with the increase of coverage, all surface integrity 
parameters except roughness increase, and the increased range decreases gradually. The reason 
is that when the peened target reaches near the saturation point, an equivalent plastic 
deformation layer has been formed on the surface so that the increment of impacting coverage 
cannot significantly affect the morphology of the deformation layer.  

4.2. Effect of shot velocity on forming 

4.2.1 Effect of shot velocity on shaping result 

To present and evaluate the precision of the velocity model, the forming experiment of 
shot velocity is also conducted during the simulating calculation. The comparison between 
numerical and experimental results is summarized in Fig. 14. In terms of simulation, with the 
raising of shot velocity, the increase of arc height has stronger linear characteristics without 
obvious saturation, compared with the condition of coverage parameter. Starting at 20 m/s, the 
arc height caused by lifting the shot velocity of 10 m/s is 0.090 mm, 0.149 mm, 0.195 mm, 
0.226 mm and 0.253 mm respectively, which increases by 65.6%, 116.7%, 151.1% and 181.1% 
respectively compared with 20 m/s.  

In terms of the test result, it can be seen that with the gradual increase of shot velocity 
from 20 m/s, the arc height of the test specimen increases also approximately linearly without 
obvious saturation convergence. Compared with the coverage model verification experiment, 
the deviation between the simulation result and the experimental data in this comparison is 
large, that error of the arc height fitting curve is approximate 7.25% at the maximum.  



 
Fig 14. Comparison of variation of forming arc height with shot velocity between experiment and 

numerical simulation 
The radius of curvature is also calculated by formula (1) and summarized in Fig 15. It 

seems that the fitting error between numerical calculation and test result is much larger, that the 
maximum is at 13.9%. While for the increase of error, it can be interpreted that the controlling 
valves for the peening pressure and flow rate equipped in the peening machine are not 
completely precise, contributing to the bias of actual shot velocity. However, due to the request 
of less than 15%, it can be considered that the shaping result obtained by the two are consistent, 
which refers to the fact that this experiment has verified the conclusion of the shot velocity 
model in forming effect and confirmed the reliability of its data. 

 
Fig 15. Comparison of variation of forming arc height and radius of curvature with shot velocity 

4.2.2 Influence of shot velocity on surface performance 

In the aspect of residual stress, the stress distribution of the specimen before and after the 
spring back process is extracted and compared in Fig.16, and it is obvious that the residual 
stress growths significantly with the shot velocity. With the increase of shot velocity, the 
residual compressive stress of the specimen not only increases generally but also extends in a 
deeper direction. To clarify the variation of distribution, the depth of the maximum average 
residual compressive stress and the critical depth when the residual stress changes from 
negative to positive is extracted, and also presented in Fig.17. 



 
Fig 16. Comparison of residual stress of specimen before and after spring back at each shot velocity 

 

For the two extracted depth variations in Fig.17, the depth at which the residual stress  
eliminate increases approximately linearly and significantly with the increase of shot velocity, 
either before or after spring back.  

In Fig.17 (a), it can be observed that increasing shot velocity causes a shift of the turning 
position of compressive stress before bending towards a deeper region linearly, while the depth 
of the maximum stress does not vary significantly, compared with the condition after the 
bending. While in Fig. 17(b), the two depths both show linear growth properties. In addition, it 
can be observed that the process of bulge deformation reduces the depth of 0 point by 0.173 
mm on average. The principle can be considered that the tensile deformation caused by bending 
deformation partially offsets the residual compressive stress value, reduces the overall level of 
internal stress, and moves up the position of 0 value point.  

 
Fig 17. Comparison of residual stress of specimen before and after spring back at each shot 

velocity 

The extracted PEEQ field is given in Fig. 18(a). It can be clearly observed that with the 
shot velocity growing from 20 m/s to 60 m/s, the distribution range of PEEQ gradually extends, 
while the depth containing the maximum PEEQ value roughly stays at the same level. To be 
more precise, the extracted depth of the maximum PEEQ value and the depth at which the peak 
value is reduced to 10−5 (suppose as the 0 value) depth are sorted in Fig. 18(b). It is clear that 
the depth containing PEEQ of maximum value almost stays stably at approximate 0.15 mm. 
Combing with the variation of the depth of the maximum residual compressive stress, the figure 
for the maximum plastic strain has no obvious correlation with the shot velocity, which is 
consistent with the relevant data in the literature [25] and literature [26]. Thus, it can be 
considered that the variations of the two have a corresponding relationship, that the residual 
compressive stress increases with the increase of PEEQ. And there is also a positive correlation 
between the distribution depth. With the increase of shot velocity, the depth of PEEQ to 0 
increases significantly, but it tends to be saturated after the shot velocity reaches 45 m/s. 



 
Fig 18. PEEQ distribution of speciemen after peening with each shot velocity 

 

In terms of surface morphology quantification, the two roughness parameters under each 
impact velocity, Sa and Sq, are calculated and combined in Table 4. It can be considered that 
with the increase of shot velocity, the greater impact force causes greater and deeper depression 
on the surface of the specimen, making the characteristics of crest and trough of concave convex 
fluctuation more obvious, and the surface roughness value larger. 

Tab. 4. Influence of shot velocity to the two roughness parameters 

Shot velocity Sa roughness Sq roughness 

20  1.034 2.336 

25 1.509 3.176 

30 

35 

2.005  

2.549 

4.089 

4.998 

40 2.856 5.583 

45 3.303 6.415 

50 3.649 7.120 

55 3.951 7.610 

60 4.252 8.308 

 

From the table, taking 20 m/s, 30 m/s, 40 m/s, 50 m/s and 60 m/s as examples, the 
corresponding roughness Sa values are respectively 1.034 μm , 2.005  μm , 2.856  μm , 
3.649 μm and 4.252 μm. With the increase of shot velocity, Sa roughness increases by 93.9%, 
176.2%, 252.9% and 311.2% respectively compared with 20 m/s. While the corresponding Sq 
roughness parameters are 2.336 μm, 4.089 μm, 5.583 μm, 7.120 μm and 8.308 μm, which 
increased by 75%, 140.0%, 204.8% and 255.7% compared with the situation of 20 m/s. During 
shot peening, the impact kinetic energy of shots on the target has a great impact on the 
roughness of the peened surface. With the increase of its velocity, the surface roughness 
parameters Sa and Sq almost increase linearly[10]. 

4.2.3 Analysis of shot velocity experiment results 

In the field of residual stress, the measured surface residual stress is processed and 
compared with the result from the plastic FEM simulation in Fig. 19. Similarly, compared with 
the ideal situation where the initial residual stress is not included in the numerical simulation, 



the residual stress levels of the actual specimen are illustrated as the black dots in the Fig 19. 
When the shot velocity varies from 20 m/s to 60 m/s, the stress changes from -346 MPa to -192 
MPa. It is significantly lower than the numerical simulation result from -47 MPa to 82 MPa, 
which are represented by blue points. Besides, to observe the relationship between their varying 
trends, the dots are connected and fitted by the black and blue lines respectively. Then the 
relationship between residual stress and shot impact velocity in the experiment and numerical 
model can be summarized as follow: 𝑆𝑠(𝑣) = 𝑆𝑡(𝑣) + 𝑘 × 𝑆𝑡(0)                      (26) 

In which 𝑆𝑠(𝑣) is the residual stress on the surface of the formed target when the shot 
velocity is at 𝑣 in the numerical simulation under the ideal condition of no initial stress. And 𝑆𝑡(𝑣) is the actual measured surface stress in the experiment, and 𝑆𝑡(0) represents the initial 
stress as the shot velocity is at 0, 𝑘 is the conversion coefficient. In Fig. 19, the red line is the 
revised experimental surface residual stress curve with 𝑘  = 0.7 according to the above 
relationship. It fits well with the simulated curve. Therefore, it can be considered that the shot 
velocity parameter model has been well verified. 

 
Fig 19. Comparison of variation of surface residual stress with shot velocity between expriment 

and numerical simulation  

By combining the simulating and experimental results of shot velocity parameter 
exploration, this paper proves that the equivalent plastic deformation layer caused by shot 
peening impact influences the forming through the scope and vertical two levels. In the level 
of scope, by increasing the area proportion of surface plastic deformation area, the target surface 
can obtain a larger equivalent moment to drive bending deformation, so as to improve the 
shaping result, for which the implementation methods include prolonging shot peening time to 
obtain higher shot peening coverage. While for the vertically influencing level, by introducing 
the induced stress into the deeper region so that the region of the target is transformed into an 
equivalent plastic deformation layer, as to drive the generation of rebound deformation, and 
eventually obtain a more significant shaping result, which can be realized by improving the 
impact kinetic energy of the shot. 

Conclusions 

A numerical method of peen forming is proposed to explore the forming mechanism. 
Simulation is verified by experimental results. Conclusions can be drawn as follows. 

(1) The bending deformation during the peen forming process is analyzed and the relation 
between forming curvature radius, shot impact energy and material parameters is derived. An 
elastoplastic FEM model of peen forming is developed. It is discovered that an average 
difference of 0.173 mm exists between before and after spring back deformation in velocity 
exploration. 

(2) Comparing the calculation result and peening experiment, the hypothesis of 
equivalent plastic deformation layer is put forward, that it affects the forming effect from the 



scope level and vertical level. The scope level is realized by the increase of area ratio of plastic 
deformation area resulting from high coverage. While the vertical level is introducing greater 
stress into a deeper region to produce significant deformation driving effect. 

(3) The established model and its conclusions are verified and discussed through a shot 
peening experiment from both the quantitative and qualitative points of view. And the 
conversion calculation formula between the ideal specimen and the initial stress case is 
discovered. The conversion coefficient in the condition of this paper is creatively proposed to 
be 0.7, which further supplements the proposed equivalent plastic deformation layer hypothesis. 
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