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Abstract

This study investigated the microstructural/mechanical properties of annealed 4340 pearlitic steel after shot peening 
(SP) and high intensity laser peening (LP). SP at 0.012-0.016A resulted in fragmentation of the pearlite colonies ~1-
2µm from the treated surface and sub-surface cracking as well as significant distortion of pearlite colonies ~30µm 
from the treated surface. LP at a pulse energy of 19J with a pulse full-width half height of 27ns and a square spot size 
of 3x3mm2 resulted in an intense irradiance on the metal surface of 8GW/cm2. During this process a thin, micrometer-
range layer of surface material is ablated which generates and heats a plasma plume in less than 1ns to a temperature 
in the range of 15,000K. A recast layer ~5-10µm in thickness from the treated surface with significant porosity was 
observed in the LPed specimen. The highest average microhardness (266±9HV) was observed in the SPed specimen 
~63µm from the treated surface, however the hardness quickly returned to the baseline hardness (218HV) ~250-
500µm from the treated surface. In the LPed specimen, the averaged microhardness values exceeded the baseline 
hardness up to a depth of ~1500-2000µm with an average microhardness of 237±4HV from ~60-2500µm from the 
treated surface. It is shown that LP not only improves the sub-surface microhardness of the 4340 pearlitic steel up to 
greater depths than SP, but that it also preserves the pearlitic microstructure near the treated surface. 

Keywords: Laser peening; Shot peening; Pearlitic steel; Mechanical characterization; Microstructural 
characterization

1. Introduction

Surface engineering techniques such as laser peening (LP) and shot peening (SP) are commonly used to enhance the 
surface and sub-surface mechanical properties of metals through the introduction of compressive residual stresses 
(CRSs) [1,2,3]. The introduction of CRSs and severe plastic deformation (SPD) coupled with high dislocation density 
provides substantial increases in strength against surface related failures such as fatigue and corrosion. It has been 
reported that LP can introduce CRSs to much greater depths in materials than SP which results in increased beneficial 
effects in LPed materials up to greater depths from the treated surface [4,5,6]. 

Surface enhancement techniques such as SP and LP have been investigated fairly extensively for 4340 steel [7,8,9,10], 
however, all of these studies have been performed on 4340 steel in its hardened (martensitic) state. These techniques 
are typically employed on metals after homogenization and heat treatment but they can also be employed on materials 
in their annealed conditions [11,12]. Previous studies involving SPD of ferrite-pearlite steels have shown that SPD 
can severely alter the pearlite colonies within ferrite-pearlite steels [11,13,14]. This has been shown to result in 
distortion and fragmentation of cementite within pearlite colonies near the surface of materials which can accelerate 
crack initiation and propagation due to the fracture characteristics of cementite platelets [15,16,17].

The novelty of this work lies in its investigation and comparison between the effects of high intensity LP and SP on 
the microstructural/mechanical properties of annealed 4340 steel which exhibits a primarily pearlitic microstructure. 
Distortion and fragmentation of the pearlite colonies after SP are shown to have assisted in the initiation and 
propagation of sub-surface cracks. The preservation of the pearlitic microstructure along with the high depth of 
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increased microhardness observed in the LPed specimen indicates that LP is more effective than SP for treating 
annealed 4340 steel. 

2. Experimental Procedure

4340 steel with the chemical composition (wt.%): Ni-1.8, Cr-0.80, Mn-0.70, C-0.40, Mo-0.25, Fe-balance, is evaluated 
here. Specimens were fully annealed by heating at 800°C and then furnace cooled for 3.75hrs to 700°C [18]. SPed 
specimens were treated with cast steel shots conforming to AE AMS 2431/1 type ASR 330 cast steel shot standard. 
Full coverage treatment was performed on the specimens according to the SAE J2277 standard at an intensity between 
0.012-0.016A. LPed specimens were peened with a solid-state laser operating at 19J with a pulse full-width half height 
of 27ns. A square spot size (3x3mm2) was used to cover the peened surface and 3 layers of peening were applied 
without an ablative overlay with a 33% overlap in both longitudinal and transverse directions. The irradiance on the 
metal surface, as calculated from the process parameters listed above, was 8GW/cm2. 

After treatment, specimens were mounted cross-sectionally, ground with 240-4000 grit SiC pads, and then polished 
with 9-1µm diamond suspensions and 0.05μm colloidal silica. A microhardness tester (Clemex MMT-X7B) was used 
to obtain hardness versus depth profiles. Vickers microhardness tests were performed with a diamond pyramid 
indenter at an applied load of ~5N (500gf) with a dwell time of 10s. A total of 136 indents were performed on each of 
the specimens ~60µm from the treated surfaces. Indents were separated by 150µm, and 8 indents were obtained at 
each depth up to ~2500µm from the treated surface. Specimens were then etched with Alder’s etchant for 2-6s and 
imaged with an optical microscope (KEYENCE VHX-7000) and a scanning electron microscope (SEM) (Apreo 2, 
Thermo Fisher Scientific).

3. Results and Discussion

3.1. Microstructural Characterization

Images of the cross-sectioned un-treated, LPed, and SPed specimens showing the etched microstructures near the 
treated surface are included in Figs. 1(a-c). The annealed microstructure is composed of ferrite grains, which appear 
as white, and pearlite colonies which appear tan/brown. A distribution of ferrite and pearlite with a higher volume 
fraction of pearlite can be observed in all specimens. 

https://www.worldcat.org/title/ASM-handbook.-Vol.-4-Heat-treating/oclc/690104154
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Fig. 1. Microstructures of the (a) un-treated, (b) LPed, and (c) SPed specimens. 

The size and distribution of ferrite and pearlite remains consistent between the three specimens as expected, however 
there are some noticeable differences in the microstructure near the treated surfaces in the LPed and SPed specimens 
which can be seen by comparing Fig. 1(a2) to Figs. 1(b2) and 1(c2). The most prominent feature present in the LPed 
specimen is the non-uniform recast layer which extends ~5-10µm from the treated surface (Fig. 1(b2)). The existence 
of this recast layer is common in metals which have been LPed without an ablative overlay [19,20,21]. During LP 
without an ablative overlay, material at the surface melts and resolidifies. The recast layer tends to be very brittle due 
to the tensile stresses and the oxide film that are generated during resolidification and it often contains pores which 
result from the material resolidifying [19,21]. The microstructure of the SPed specimen appears to exhibit some 
distortion near the treated surface up to a depth of ~30µm from the surface (Fig. 1(c2)). 
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Fig. 2. Micrographs of the (a) un-treated, (b) LPed, and (c) SPed specimens. 

The SEM provides improved spatial resolution of the microstructure of the annealed 4340 steel. Micrographs of the 
specimens are presented in Figs. 2(a-c). Sub-surface cracking extending ~1-2µm and significant distortion of pearlite 
colonies up to ~30µm from the treated surface can be observed in the SPed specimen (Fig. 2(c2)). Orange dashed lines 
show the direction or distortion of the pearlite colonies near the SPed surface. This distortion of pearlite colonies has 
also been reported by others in pearlitic steels subjected to SPD [22,23,24]. In a study by Ivanisenko et al. [24], high 
pressure torsional tests were performed to investigate distortion of pearlite colonies under different shear strains. They 
found that the orientation of the pearlite colonies with respect to the applied shear strain greatly affected the distortion 
of cementite platelets within the pearlite colonies. It was also found that at high enough shear strain, the cementite 
platelets were no longer observed within the microstructure because they had dissolved into the ferrite matrix. In 
another study by Languillaume et al. [25] on cold drawn pearlitic steel it was concluded that SPD, which involves 
thinning of the cementite platelets and the generation of slip steps, caused the free energy of the cementite to increase. 
This increase in free energy made it unstable causing dissolution of the cementite into the supersaturated solid solution 
of C in ferrite. This finding was also corroborated by Korznikov et al. [26] in a study on high torsion straining of Fe-
1.2C steel where they observed complete dissolution of the cementite phase following SPD. 

Due to the brittle nature of the sub-surface cracks observed in the SPed specimen in Fig. 2(c2) it was hypothesized that 
the cementite ~1-2µm from the treated surface had not been dissolved into the ferrite matrix, but rather had been 
highly distorted and even fragmented. To investigate this further, higher magnification SEM images of the SPed and 
LPed surfaces have been performed (Figs. 3(a-b)). 
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Fig. 3. Micrographs of the (a) LPed and (b) SPed specimens.

Figs. 3(a-a1) show higher magnification images of the porous inner architecture observed in the LPed specimen within 
the recast layer, while Figs. 3(b-b1) show the morphology of the cementite near the SPed surface. Here it can be seen 
that the region ~1-2µm from the treated surface contains highly distorted and fragmented cementite platelets. This 
phenomenon was also observed by Tung et al. [27] in Fe-0.74C steel after SPD induced by rolling contact fatigue 
where fragmentation of cementite platelets within pearlite was also realized up to a depth of ~2µm. It has been reported 
that the fracture mechanism of pearlite in 4340 steel is characterized by cracks running normal to pearlitic colonies 
(in between cementite platelets) [15]. This process occurs in pearlite colonies under the combined effects of applied 
stress tensile stress and shearing of the ferrite lamellae [16] which results in the separation of adjacent cementite 
platelets leading to microcracking. This observation accounts for the brittle nature of the cracks which were observed 
near the treated surface in the SPed specimen.

3.2. Microhardness

Microhardness contour plots obtained from the treated surfaces of each of the 4340 specimens are included in Figs. 
4(a-c). The average microhardness in the SPed specimen ~63µm from the treated surface was measured to be 
266±9HV. However, while this specimen exhibited the highest hardness near the surface, the increase in 
microhardness quickly dissipated ~250-500µm beneath the surface (Fig. 4(c)). In the LPed specimen, microhardness 
values exceeded the average baseline hardness (~218HV) up to ~1500-2500µm from the surface with an average 
measured microhardness of 237±4HV from the region ~60-2500µm from the treated surface (Fig. 4(b)). The increased 
depth of microhardness improvement is attributed to the increased depth of CRSs induced via LP as compared to SP 
[1,2,4].
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Fig. 4. Microhardness contour plots from the treated surface of the (a) un-treated, (b) LPed, and (c) SPed 
specimens.

These contour plots highlight the difference in the depth and uniformity of microhardness improvements between the 
SPed and LPed specimens. Comparing the results, it can be observed that the LPed specimen obtained a relatively 
uniform increase in hardness up to a much greater depth from the treated surface than the SPed specimen. These 
findings are consistent with previous studies which have shown the LP not only induces CRSs deeper into the material 
than SP, but that it also increases the hardness up to greater depths from the treated surface [1,2,4,6]. 

4. Conclusions

The influence of LP and SP on the microstructural/mechanical properties of annealed 4340 steel were investigated, 
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and the following conclusions were drawn.

1. The severe plastic deformation imparted by SP caused distortion and fragmentation of the cementite platelets 
within the pearlite colonies near the treated surface. 

2. Sub-surface cracks were observed near the treated surface of the SPed specimens, while porosity was 
observed within the recast layer of the LPed specimen. 

3. The sub-surface cracking observed in the SPed specimen is attributed to the distortion and fragmentation of 
cementite platelets.

4. The highest average microhardness (266±9HV) was observed in the SPed specimen at a depth of ~62µm 
from the surface. In the LPed specimen hardness improvements were observed up to ~1500-2000µm with an 
average measured microhardness of 237±4HV from the region ~60-2500µm from the treated surface.
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Highlights

 SP caused distortion and fragmentation of cementite platelets near the surface.
 LP without an ablative layer resulted in a recast layer ~5-10µm thick.
 LP resulted in microhardness increases up to ~1500-2000µm from the surface.
 SP resulted in sub-surface cracking near the surface.


