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Abstract 

 

AISI D2, an alloy tool steel, has been widely used as a cold-work die steel because of its excellent 

wear resistance, toughness, and machinability. However, when it is used as a mold or tool under a high 

load, high hardness and wear resistance are required to improve its service life. This study aimed to 

apply ultrasonic nanocrystal surface modification (UNSM), a local surface hardening technology, to the 

surface of D2 steel. To maximize the surface improvement effect achievable through UNSM, it is 

important to select the optimal process conditions according to the characteristics of the base metal. 

Therefore, the effects of UNSM were compared for different initial hardness values of D2 in this study. 

To this end, the base metal was subjected to different heat treatment conditions to exhibit different 

hardness values (approximately 40, 45, 50, and 55 HRc). Changes in the surface of the base metal 

were observed according to the three main parameters of the UNSM process: the load, inter-pass 

interval, and feed rate. No significant changes in the surface roughness and hardness was caused by 

the feed rate. As the inter-pass interval of UNSM decreased and the static load increased, the surface 

roughness of the base metal increased. However, the specimen with low initial hardness (D2-H40), the 

roughness improvement decreased as the load increased. On the other hand, the surface hardness 

improvement increased as the inter-pass interval decreased and the load increased regardless of the 

initial hardness of the base metal. It also was found that the specimen with the highest initial hardness 

(D2-H55) exhibited the greatest hardness improvement rate of 8.7 % and smallest hardened layer 

thickness of 220 μm. In addition, the largest compressive residual stress (-1,130.6 MPa) was formed 

on the surface of D2-H55 after UNSM, which occurred because the base metal with high initial hardness 

had limited plastic flow due to fine grains and low ductility, causing thus the energy repeatedly delivered 
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by UNSM to be concentrated in a limited area. Consequently, reducing the inter-pass interval is effective 

on improving the surface roughness and hardness regardless of the material hardness. However, the 

load must be applied at an appropriate level, depending on the material hardness. Therefore, when D2  

is heat-treated and used according to the product requirements, it will be effective to consider the 

changes after UNSM treatment based on hardness after heat treatment that were derived in this study.  
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1. Introduction 

AISI D2 or simply D2 is a tool steel that has been widely used as a high-carbon, high-chromium alloy 

steel. It has been employed in various industries owing to its excellent toughness and wear resistance 

and has mainly been utilized as a cold-work tool steel, such as in cutting tools, forming rolls, and dies 

for press. Therefore, it is necessary to improve the mechanical characteristics and fatigue lives of cold-

work tool steels to be used as parts and dies [1]. In general, the mechanical and microstructural 

characteristics of metallic materials are improved by heat treatment. D2 has excellent quenching 

performance due to the addition of molybdenum and vanadium and can exhibit a high hardness of more 

than 58 HRc when processed by normalizing (at 500–530 ℃). In addition, heat treatment makes the 

microstructure finer and increases the wear resistance by generating martensitic structures. Therefore, 

the mechanical characteristics can be controlled by varying the heat-treatment conditions according to 

the product requirements. 

However, cold-work dies and tools are exposed to environments that make them vulnerable to fatigue 

cracking due to repeated friction. To address this problem, surface hardening studies have been 

conducted. Surface hardening is a post-treatment process that increases the hardness and wear 

resistance and maintains the toughness of the material. Surface hardening is mainly divided into 

chemical surface hardening, which changes the chemical composition, and physical surface hardening, 

which does not change the chemical composition. Chemical surface hardening includes nitriding, in 

which steel is heated in ammonia gas over an extended period of time to form a nitride layer [2–6], and 

carburizing, in which carbon penetrates the metal surface [5–7]. Physical surface hardening includes 

metal spraying, in which molten metals are attached to a surface by spraying them with compressed air 

[8, 9]; induction hardening, in which a surface is hardened using high-frequency current and coolant 



injection [10]; and shot peening, in which the surface layer is hardened by injecting metals at high speed 

[11–21]. For D2 steel, physical surface hardening methods, such as shot peening and laser shock 

peening, have mainly been used. 

In shot peening, a type of cold working, 0.5–0.1 mm metal shot balls strike the metal surface through 

high-speed airflow. A thin plastically deformed layer is formed on the surface through repeated impacts. 

In such a deformed layer, compressive residual stress is produced. Compressive residual stress 

extends the fatigue life by offsetting the tension under repeated tensile loads. Shot peening includes 

hot shot peening, which is performed near the austenite or martensite transformation temperature, and 

a water jet in which water is injected at a high speed for processing. Lee et al. [11] applied shot peening 

to SCM920, a material for automotive gears, and confirmed an improvement in wear resistance. Kim et 

al. applied shot peening to aluminum alloys and verified that compressive residual stress improved the 

fatigue life [12]. Cheong et al. observed changes in the hardness of spring steel SPS 5A specimens 

with different hardness values by varying the shot peening parameters [13]. In addition, the surface and 

mechanical characteristics have been improved using shot peening in many studies [14–17]. However, 

shot peening has low precision because it is impossible to adjust the positions of the injected metal 

balls accurately. In addition, the shot balls used cause environmental pollution. Studies on peening to 

address these shortcomings have been conducted. 

Laser shock peening is a method of hardening by transferring the energy of a high-power laser beam 

to the material surface in the form of heat and shock waves, and it can also produce the self-quenching 

effect. This technology generates structures with high hardness values and prevents thermal 

deformation and stress. Laser shock peening uses 30–300 μm laser spots, thereby enabling finer and 

more precise processing than shot peening [18]. Kim et al. improved the surface and mechanical 

characteristics of high-strength titanium alloys using laser peening technology [19]. Yang et al. observed 

the compressive residual stress and hardness of SM45C according to the power of a yttrium–

aluminum–garnet laser. They reported that irregular surfaces and tensile residual stress were produced 

when the laser power was not appropriate but that the appropriate laser power improved the surface 

and produced compressive residual stress [20]. Laser shock peening technology, however, requires a 

robot dedicated to laser beam irradiation, and thermal deformation of the material may occur owing to 

plasma exposure [21]. 

In this study, surface hardening using ultrasonic nanocrystal surface modification (UNSM) was 



investigated. UNSM is a technology that modifies a surface crystalline structure using ultrasonic 

vibration energy. It is more precise and eco-friendly than shot peening and more economical than laser 

shock peening. In addition, many studies have verified that UNSM technology improves the surface 

roughness, wear resistance, and fatigue strength of metal. Lee et al. confirmed the possibility of 

extending the service lives of press dies through wear tests [22]. Moreover, Cho et al. improved the 

surface characteristics of an aluminum alloy, AlSi10Mg, produced by direct metal laser sintering through 

the application of UNSM, and Kheradmandfard et al. utilized UNSM to improve the surface hardness of 

the titanium–niobium–tantalum–zirconium alloy [1, 23]. Thus, many studies have been conducted to 

improve the surface and mechanical characteristics of various materials by applying UNSM technology 

[24–26]. Among them, there have been research cases in which UNSM has been applied to D2 steel. 

Amanov et al. applied UNSM treatment to D2 steel at 500 °C and confirmed an improvement in 

performance [27]. Pyun et al. analyzed the effects of the number and direction of UNSM treatment on 

the surface and mechanical characteristics of D2 and observed the surface changes between before 

and after heat treatment [28].  

However, there have been no studies in which UNSM technology has been applied after varying the 

initial hardness of D2 and the surface and mechanical characteristics have been compared. D2 has 

been used as a tool steel in various fields owing to its numerous benefits, as described above. In 

particular, the hardness and toughness of D2 steel can be controlled under different heat treatment 

conditions, depending on the product requirements. UNSM can be applied to heat-treated D2 for further 

improvement. In this case, UNSM causes different changes depending on the characteristics of D2 after 

heat treatment. Therefore, this study focused on the changes caused by UNSM depending on the 

process conditions and initial hardness of the D2 base metal. D2 specimens were prepared by applying 

different tempering temperature conditions after quenching. UNSM was then applied to the D2 

specimens using the load, inter-pass interval, and feed rate, among the UNSM process conditions, as 

parameters. After UNSM treatment, changes in the surface roughness and hardness of the specimens 

were observed. To analyze the causes of the property changes, the microstructures of the specimens 

were observed and the compressive residual stress was examined. 

 

 



 

 

2. Experimental procedure 

2.1 Specimen preparation 

The base metal used in this study was AISI D2, an alloy tool steel commonly used for cold pressing. 

Table 1. describes the chemical composition of the D2 base metal. This material has excellent wear 

resistance and toughness owing to its high carbon content. In addition, it can have various 

characteristics following heat treatment owing to the addition of molybdenum and vanadium. Thus, it is 

mainly hardened by quenching and tempering treatment. Fig. 1. presents the detailed heat treatment 

conditions utilized in this study. Firstly, quenching was performed by heating D2 to the austenitizing 

temperature and then rapidly cooling it after a certain period of time. In the quenching process, D2 was 

heated to 1,010 °C after preheating it twice to 650 and 850 °C. After heating, N2 cooling was performed 

in a vacuum furnace. The tempering process in which heating and cooling were performed at 

temperature below the transformation point (723 °C) was then implemented to remove the brittleness 

and internal stress resulting from quenching. In this instance, the hardness and toughness of the base 

metal were determined by the tempering temperature. The hardness decreased as the tempering 

temperature increased, whereas it increased as the tempering temperature decreased. In this study, 

tempering was performed at 620, 600, 580, and 560 °C. The tempering process in which cooling was 

performed after maintaining the tempering temperature for 2 h was repeated three times. The hardness 

of the base metal was varied by changing the tempering temperature, and the changes in the 

characteristics of each base metal after UNSM treatment were observed. 

 

Table 1 Chemical composition of AISI D2 (unit: wt %) 

 

 

 

 

Material C Si Mn P S Ni Cr Mo Cu V 

AISI D2 1.46 0.26 0.44 0.26 0.001 0.20 11.56 0.83 0.14 0.22 



 

Fig. 1 Schematic representation of heat-treatment process for D2 

 

2.2 UNSM  

UNSM induces severe plastic deformation on the material (or component) surface by causing tens of 

thousands of collisions per second with an amplitude of several μm using ultrasonic vibration energy. It 

can refine the microstructure of a material to a certain depth from its surface and create regular micro-

dimples on the surface. The refined structure improves the wear resistance and impact resistance by 

enhancing the hardness, compressive residual stress, and wear and fatigue characteristics.  

Fig. 2. shows a schematic diagram and the application of UNSM to the material surface. The static 

load is controlled with weights, and ultrasonic waves of a certain frequency are generated by the 

ultrasonic oscillator. The generated ultrasonic waves are used when the transducer and booster devices 

deliver a load to an indenter, on which a ball tip of WC material (1,700 HV) is attached. Here, the 

delivered load corresponds to the static load of the weights combined with the dynamic load resulting 

from the vibration energy of the ultrasonic waves. Because the UNSM device is installed on a numerical 

control/computer numerical control (NC/CNC) machine tool, precise processing of the surface is 

possible.  

Based on previous work, a ball tip diameter 𝑑  of 2.38 mm, an amplitude 𝐴  of 30 kHz, and a 



frequency 𝑓 of 30 μm were set as fixed parameters in this study. The other main parameters, that is, 

the static load, inter-pass interval, and feed rate, were varied to analyze the effects of UNSM on heat-

treated D2. Table 2. lists the fixed parameter values, and Table 3. summarizes the strain energy 

densities calculated under each condition. In each case, UNSM was applied once to the top surface of 

the D2 base metal with dimensions of 10 mm × 50 mm (Fig. 3).  

 

 

Fig. 2 Schematics of the (a) UNSM experimental setup, and (b) UNSM principles 

 

Table 2 Experimental conditions of UNSM 

Fixed 
parameters 

Ball tip diameter d (mm) 2.38 

Amplitude A (μm) 30 

Ultrasonic frequency f (kHz) 30 

Control 
parameters 

Scanning speed v (mm/min) 1000/2000/3000 

Static Load F (N) 10 / 30 / 50 

Interval s (μm) 10 / 50 / 90 

Number of impact per unit area (mm2) 𝑁 = (60 × 𝑓)/(𝑣 × 𝑠)  

Strain energy density 𝐸(𝐽/𝑚𝑚2) = 𝐹 × 𝑁 × (𝐴/𝑑) 
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Table 3 Control parameters and calculated strain energy densities 

 Static load 
(N) 

Inter-pass interval 
(μm) 

Feed rate 
(mm/min) 

Strain energy density 
(J/mm2) 

1 10 50 2000 2.2689 

2 30 50 2000 6.8067 

3 50 50 2000 11.345 

4 30 10 2000 34.034 

5 30 90 2000 3.78 

6 30 50 1000 13.61 

7 30 50 3000 4.54 

 

2.3 Experimental details  

The purpose of this study was to find the optimal UNSM conditions that most improve a D2 surface. 

Surface roughness and hardness were selected as response values to analyze changes in surface 

characteristics before and after UNSM treatment. To measure the roughness of the UNSM treated 

surface, a contact-type surface roughness meter (Mitutoyo, SJ-410) were used. For each specimen, 

the roughness was measured ten times, and the average was adopted as a response value. 

The hardness before and after UNSM treatment was measured using a micro-Vickers hardness tester 

from Mitutoyo (Hv-112), and indentation was performed for ten seconds using a load of 0.1 kgf. In 

addition, the hardness in a cross section was measured to examine the hardness inside the material 

after UNSM treatment (Fig. 3). Each specimen was cut, mounted, and then polished to #2000 grit using 

silicon carbide (SiC) sandpaper. Finally, it was polished using 1 and 3 µm diamond suspensions. Upon 

completion of all pretreatments, the hardness was measured at 20 μm intervals in the depth direction 

from the point 20 µm away from the top surface subjected to UNSM treatment. In this instance, five 

measurements were performed at each depth, and the average values were used as representative 

values. 

An etching solution (HNO3: 79.36 mL and distilled water: 20.64 mL) was used at an applied voltage 

and current of 2 V and 2 A, respectively. The microstructure of the etched surface was examined using 

a field emission scanning electron microscope (FE-SEM, MIRA3, TESCAN). Additionally, EBSD 

analyses were performed to determine the phases and phase fraction. For the specimens treated with 

UNSM, the residual stress was measured. A Stresstech XSTRESS 3000 was utilized for measurement, 

and the sin2Ψ method that measures the stress from the strain of the lattice spacing was employed. If 



stress exists on the metal surface, the lattice spacing varies, changing the position of the X-ray 

diffraction peak. The residual stress can be measured by obtaining the lattice spacing according to the 

X-ray diffraction angle (sin2Ψ) [31]. The surface residual stress was analyzed with a 2mm diameter 

collimator on a 70 mm arc using Cu-Kα radiation. 

 

 

Fig. 3 Schematic diagram of UNSM treatment on base metal and preparation for analysis 

 

 

3. Results & Discussion 

3.1 Changes in roughness 

Fig. 4a. presents photographs of the specimens that were heat-treated at different tempering 

temperatures and then subjected to UNSM treatment under the conditions listed in Table 3. Surface 

changes caused by different conditions can be observed. Fig. 4b. shows the surface of the heat-treated 

D2 after the application of UNSM in more detail. Gloss is observed because micro-dimples were formed 

as the UNSM ball tip that vibrated 1.8 million times per minute struck the metal surface [22].  

 

(a) 



 

 

(b) 

Fig. 4 (a) Photographs of UNSM-treated specimens, and (b) surface change before and after UNSM 

treatment 

 

This study aimed to determine the UNSM process conditions suitable for surface improvement of the 

D2 base metal, which was heat-treated to have hardness values of 40, 45, 50, and 55 HRc (designated 

as D2-H40, D2-H45, D2-H50, and D2-H55, respectively). The average surface roughness Ra before 

UNSM treatment was 0.7 μm. The surface roughness values of all the UNSM-treated specimens 

decreased, regardless of the hardness and treatment conditions. Therefore, the roughness 

improvement rate Φ between before and after UNSM treatment was calculated as follows:  

 Φ(%) = ∆𝑅𝑎𝑅𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 100                                   (1) 

 ∆𝑅𝑎 represents the change in surface roughness between before and after UNSM treatment and is 

divided by the roughness value (𝑅𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙) before treatment. The result is expressed as a percentage. 

To compare the surface characteristics under different UNSM process conditions, Fig. 5. depicts the 

roughness and improvement rate between before and after treatment. Fig. 5a. shows the roughness 

results obtained when the feed rate was increased from 1,000 to 2,000 and 3,000 mm/min, while the 

load and inter-pass interval were fixed at 30 N and 50 μm, respectively. Under all conditions, the 

roughness is lower after treatment. In addition, the roughness after treatment increases with increasing 

feed rate for D2-H50 but shows no relationship to the feed rate for D2-H40, D2-H45, and D2-H55. This 



finding indicates that the feed rate does not significantly influence the roughness improvement. 

 

 

(a) 

 

(b) 

 



(c) 

Fig. 5 Comparisons of the surface roughness (Ra) and improvement rate (Φ) among the specimens 

with different hardness values according to the UNSM process conditions of (a) feed rate, (b) inter-

pass interval, and (c) load 

 

The inter-pass interval was increased from 10 to 50 and 90 μm while the load and feed rate were 

fixed at 30 N and 2,000 mm/min, respectively. Fig. 5b. presents the results. Regardless of the initial 

hardness, the roughness decreases, and the roughness improvement rate increases as the interval 

decreases. The greatest improvement rate is observed with an inter-pass interval of 10 μm applied to 

D2-H45. Fig. 5c. shows the roughness results obtained when the load was varied while the inter-pass 

interval and feed rate were fixed at 50 μm and 2,000 mm/min, respectively. For D2-H45, D2-H50, and 

D2-H55 with relatively high initial hardness, the roughness decreases and the roughness improvement 

rate increases as the static load increases. A smooth surface can be obtained under high static loads 

owing to the increase in the effect of peening. In the case of D2-H40, however, the roughness 

improvement rate decreases as the static load increases. Meanwhile, the roughness improvement rate 

of D2-H55 is significantly lower than those of the other specimens. However, with the highest applied 

load (50 N), the surface roughness is the lowest, and the improvement is the highest for D2-55. From 

these results, it can be concluded that it is necessary to apply a load higher than an appropriate level 

for the surface of a material with high hardness to exhibit a significant change in surface roughness. 

 

3.2 Surface topography 

Fig. 6. shows the scanning electron microscope (SEM) images at ×500 magnification for the surfaces 

treated at different inter-pass intervals. The set inter-pass interval of the UNSM is consistent with the 

interval between the formed tracks. When the interval is 90 μm, a relatively rough surface is evident, 

regardless of the initial hardness. However, as the interval decreases, a smoother surface is observed, 

because the number of impacts per unit area increases as the number of overlapping passes increases. 

Such overlapping passes deliver higher energy density to the metal surface. They are expected to affect 

the microstructure, mechanical characteristics, and surface characteristics significantly. 

For detailed observation of the surface characteristics according to the initial hardness and UNSM 

conditions, the treated surface was analyzed. Fig. 7. presents the surface images of D2-H40 and D2-

H55 subjected to static loads of 10, 30, and 50 N. As shown in Fig. 7a, D2-H40 exhibits micro-valleys 



with crests and troughs formed by the passing ball tip under all load conditions. The micro-valleys 

become clearer as the static load increases. For detailed observation of the micro-valleys, they were 

magnified more (×1000), revealing a relatively smooth surface under a 10 N load because the difference 

between the crests and troughs is not large. For the surfaces under loads of 30 and 50 N, however, a 

rough surface is observed. In particular, with a 50 N applied load, irregular damage is evident owing to 

the high load, because the static load applied to the base metal with a low initial hardness exceeds the 

critical range. An excessive load increases the friction between the ball tip and material. It appears that 

such an increase in friction causes excessive plastic deformation [30] and decreases the roughness 

improvement rate. On the other hand, with low loads applied to D2-H55, as shown in Fig. 7b, regular 

patterns are not observed on the surface. However, with high applied loads, regular micro-valleys are 

evident, significantly improving the surface roughness. As described, the static load within the critical 

load range is helpful for improving the roughness owing to the effect of peening. A static load that 

exceeds the critical level, however, reduces the roughness improvement. 



 

Fig. 6 Surface SEM images of specimens with different hardness values according to the inter-pass 

interval of UNSM: (a) D2-H40, (b) D2-H45, (c) D2-H50, and (d) D2-H55 

 

 



 

(a) 



 

(b) 

Fig. 7 Surface images according to the static load; (a) D2-H40, and (b) D2-H45 

 

As described above, the application of the same load (50 N) resulted in different changes in D2-H40 

and D2-H55. To observe the micro-valleys caused by UNSM treatment, the specimens were cut in a 

direction perpendicular to the UNSM treatment passes, as shown in Fig. 8. Fig. 8a. presents the results 



of applying a static load of 50 N to D2-H40. Cracks are observed in the surface zones, marked with 

white dotted lines. Wave-shaped patterns appear owing to the plastic deformation of the material under 

an excessive load, and cracks are observed under the waves. It is estimated that the roughness 

improvement rate is reduced when a load of 50 N is applied to D2-H40 owing to the generation of these 

wave patterns and cracks. In addition, these features may act as starting points for corrosion, thereby 

reducing the corrosion resistance [30]. In the case of D2-H55, however, the top surface was leveled 

through the ball tip, unlike D2-H40, as shown in Fig. 8b. When magnified at ×7,000 magnification, 

uniformly compressed microstructures are observed in the moving direction of the UNSM ball tip. 

Consequently, the surface roughness could be decreased by applying an appropriate static load 

according to the initial hardness of the base metal. For D2-H45, D2-H50, and D2-H55, 50 N decreased 

the surface roughness as an appropriate load. For D2-H40, however, the application of 50 N damaged 

the surface and increased the roughness. These results indicate that the roughness improvement 

increases as the inter-pass interval decreases regardless of the initial hardness of the base metal but 

that the static load effectively improves the roughness only when it lies within the critical range. An 

increase in the static load (within the critical range) may increase the dislocation density by leveling the 

surface, thereby improving the corrosion resistance [30]. 

 

 

(a) 

 



 

(b) 

Fig. 8 SEM images of the cross sections near the base metal surfaces under 50 N: (a) D2-H40, and 

(b) D2-H55 

 

3.3 Hardness 

3.3.1 Surface hardness 

 To examine the changes in surface hardness after UNSM treatment, the surface hardness of each 

treated specimen was measured. The micro-Vickers hardness values of D2-H40, D2-H45, D2-H50, and 

D2-H55 before UNSM treatment were 420, 460, 530, and 620 Hv, respectively. As with the surface 

roughness change between before and after UNSM treatment described above, the surface hardness 

increased for all specimens after UNSM treatment, regardless of the process conditions. The hardness 

improvement rate Φ′ was calculated in the same manner as the surface roughness improvement rate, 

as shown in Eq. (1). Fig. 9. presents the results. Fig. 9a. depicts the hardness results according to the 

feed rate. As with the surface roughness change, there is no relationship between the hardness and 

feed rate. Fig. 9b. shows the hardness results according to the inter-pass interval. For all specimens, 

the highest hardness is observed when the interval is 10 μm, because the areas impacted by the ball 

tip overlap with each other as the interval decreases, thereby increasing the compression of the surface 

microstructure and grain refinement. Regarding the hardness change due to the load (Fig. 9c), the 

hardness increases, and the hardness improvement rate also increases almost linearly as the load 

increases. An increase in the load applied per unit area causes larger plastic deformation, which 

decreases the grain size and hinders dislocation sliding. Therefore, an increase in the load increases 

the hardness owing to the strain hardening of the material. The Hall-Petch relation shown in Eq. (2) 



indicates that the yield strength of a material H𝑣 increases as the average grain diameter d decreases. 

Here, σi  is the friction stress that hinders intragranular dislocation motion, and ky  is a constant 

representing the relative hardening contribution of the grain boundary. In addition, the above equation 

can be represented by Eq. (3), which indicates that the hardness Hv increases as the grain size 𝑑 

decreases. Here, 𝐻0 and 𝑘𝐻 are constants based on hardness [32]. σ0 =  σi  +  kyd−12                               (2) 

 

Hv = 𝐻0 + 𝑘𝐻𝑑−12                                 (3) 

 

Based on this principle, the hardness increases as the grain size decreases owing to UNSM treatment. 

In addition, as the amount of energy applied per unit area increases, the hardness increases owing to 

the generation of a larger compressive residual stress. Therefore, as the inter-pass interval decreases 

and the load increases, the hardness improvement rate increases because the conditions are more 

favorable for grain refinement and the formation of compressive residual stress. The next section 

presents quantitative comparisons of grain refinement and compressive residual stress. 

 

 

(a) 



 

(b) 

 

(c) 

Fig. 9 Comparisons of the surface hardness and hardness improvement rate (Φ′) according to the 

UNSM process conditions of (a) feed rate, (b) inter-pass interval, and (c) load 

 

3.2.2 Hardness in cross-section 

An increase in load also affects the depth of the surface upon which the impact of the UNSM is 

applied. Khan reported that a high static load in UNSM increased the hardening depth by generating 

smaller grains and deeper nanocrystalline layers [33]. The cross-sectional hardness values of the 

specimens under the highest static load of 50 N were measured. Fig. 10. shows the hardness values 

of D2-H40, D2-H45, D2-H50, and D2-H55 in the depth direction. As with the surface hardness, the 

hardness near the surface is increased by UNSM, and a significant increase in hardness is observed 

mainly in the upper part. The hardness decreases as the depth increases, and it converges to the same 



value as the initial hardness of each base metal when a certain depth is reached. The depth affected 

by UNSM and hardness improvement differ depending on the base metal, as depicted in Fig. 11. First, 

the depth affected by UNSM ranges from 220 to 400 μm. D2-H40 exhibits the greatest UNSM-affected 

depth (400 μm). For D2-H55, on the other hand, the hardness increase by UNSM is observed only at a 

depth of 220 μm. In other words, the UNSM-affected depth tends to decrease as the initial hardness of 

the base metal increases. For the material with low hardness, nanocrystallization is formed at a greater 

depth under the same load because plastic flow occurs more easily. On the other hand, D2-H40 exhibits 

the lowest hardness improvement rate of 6.1 %. D2-H55, which has the lowest UNSM-affected depth, 

exhibits the greatest hardness improvement rate of 8.7 %. UNSM is a technology that modifies 

microstructures by delivering impact energy using ultrasonic waves. Such impacts can be considered 

as micro-cold forging. They cause plastic and elastic deformation in the surface layer, leading to 

nanocrystalline structures and compressive residual stress. The nanocrystalline structures and residual 

stress were analyzed to investigate the behavior of the hardness improvement rate in the depth direction. 

 

 

Fig. 10 Cross-sectional hardness distribution around the surface; (a) D2-H40, (b) D2-H45, (c) D2-



H50, and (d) D2-H55 

 

 

Fig. 11 Φ′ and UNSM-affected depth according to initial base metal hardness 

 

 

3.4. Electron backscatter diffraction (EBSD) results and residual stress 

3.4.1 Changes in grain size 

As can be seen from Hall-Petch (Eq. 2), a decrease in grain size indicates an increase in hardness. 

If nanocrystal grains are formed in deep areas, the thickness of the hardened layer increases. For D2-

H40, tempering was performed at a relatively high temperature. For D2-H55, however, tempering was 

performed at a low temperature. Thus, a high hardness was obtained owing to the fine microstructure, 

but the ductility decreased. To examine the microstructural refinement according to the heat treatment 

conditions of the base metal, the grain changes were observed using EBSD. Fig. 12. shows the phase 

diagrams of the specimens with different hardness values. Red represents martensite (or ferrite), blue 

corresponds to austenite, and the other colors indicate carbide. Regardless of the hardness of the base 

metal, most of the phases were transformed from the austenite phase to martensite due to quenching. 

The austenite phase either appears rarely or is not observed. Chromium carbides (Cr23C6 and Cr7C3) 

are partially distributed in the structures and precipitated during quenching. 



 

Fig. 12 Phase diagram maps of specimens (a) D2-H40, (b) D2-H45, (c) D2-H50, and (d) D2-H55 

 

Fig. 13. compares the grain sizes of D2-H40 (Fig. 13a) and D2-H55 (Fig. 13b) before and after UNSM 

treatment. The average grain size of D2-H55 before the treatment is 0.51 μm, which is smaller than that 

of D2-H40 (0.65 μm). The average grain size of D2-H40 decreases by approximately 18 %, from 0.65 

μm before treatment to 0.53 μm after treatment. Meanwhile, the average grain size of D2-H55 

decreases by approximately 29 %, from 0.51 μm to 0.36 μm. As the grains in the upper part of D2-H55 

are further refined, the hardness improvement rate is higher than that of D2-H40 (Fig. 10). D2-H55 

exhibits limited plastic flow because it has finer grains and more grain boundaries than D2-H40. D2-

H55, however, has a relatively low energy absorption through deformation because of its low ductility. 

Consequently, D2-H55 exhibits a low UNSM-affected depth under the same load, as shown in Fig. 10, 

because it has a relatively limited plastic flow and low energy absorption. 

Fig. 14. shows the microstructural changes of D2-H40 and D2-H55 under the same load. For D2-



H40, the plastic flow was free because its ductility was relatively high, which caused a large hardening 

depth by dispersing the impact energy into the surrounding area. Because the repeated impact loads 

of UNSM could easily be dispersed to the surrounding area, the degree of refinement was lower than 

that of D2-H55. Meanwhile, for D2-H55, grain refinement occurs only in a limited area even under 

repeated impact energy because the plastic flow is limited owing to the fine grains. Therefore, for D2-

H40 (Fig. 14a), the plastic flow and energy transfer caused by UNSM treatment extend over wide ranges. 

In the case of D2-H55 (Fig. 14b), on the other hand, only the narrow portion of the upper part exhibits 

plastic deformation because the plastic flow is limited compared to that in the case of D2-H40, but higher 

nanocrystallization is evident due to the concentration of energy without transfer. 

 

 s  



(a) 

 

(b) 

Fig. 13 Inverse pole figures and grain sizes of (a) D2-H40, and (b) D2-H55 before and after UNSM 

treatment 

 



 

Fig. 14 Schematics of the microstructural changes induced by UNSM in (a) D2-H40, and (b) D2-H55  

 

3.4.2 Changes in residual stress 

If a material is subjected to repeated non-uniform plastic processing, heating, or cooling, residual 

stress is generated inside it. If such residual stress exists in the form of tensile stress, it may cause 

premature fracture of the material. UNSM forms a large compressive residual stress on the surface 

layer by delivering repeated compressive loads, improving the fatigue life of the material. To examine 

the formation of compressive residual stress according to the initial hardness of D2 under the same 

UNSM conditions, the surface residual stress was indirectly measured using the sin2Ψ method. The 

sin2Ψ method measures the stress through the strain of the lattice spacing caused by residual stress 

[31]. The residual stress was calculated using the following simple equation [34]:  σ = 𝐸(1+𝜈)𝑠𝑖𝑛2𝛹 [𝑑𝛹−𝑑0𝑑0 ]                                  (4) 

 

where, σ is the residual stress, 𝑑0 is the lattice spacing measured in the non-stress state, 𝑑𝛹 is the 

lattice spacing in the Ψ direction changed by the stress, E is Young’s modulus of the material, and 𝜈 is 

the Poisson’s ratio.  

Fig. 14. compares the compressive residual stresses formed on the surfaces of the specimens (D2-



H40, D2-H45, D2-H50, and D2-H55). Firstly, before UNSM treatment, a low average tensile stress of 

12.4 MPa is observed on the surface of each specimen, because stress relief occurred as the tempering 

was repeated three times after quenching. For each specimen, the compressive residual stress is at 

least 20 times higher after UNSM treatment regardless of the initial hardness of the base metal. Here, 

the same UNSM treatment conditions, that is, a load of 50 N, an inter-pass interval of 20 μm, and a 

feed rate of 2,000 mm/min, were applied to each specimen. For D2-H40, a compressive residual stress 

of 679.2 MPa is observed. As the initial hardness of the base metal increases, the compressive residual 

stress increases, and D2-H55 exhibits the highest compressive residual stress of 1,130.6 MPa. Under 

the same UNSM conditions, the hardness improvement rate also increases as the initial hardness of 

the base metal increases owing to the increase in the compressive residual stress formed on the surface. 

These results show that higher grain refinement and larger compressive residual stress are generated 

with increasing initial hardness. Therefore, the specimens with higher initial hardness values exhibit 

higher hardness improvement rates. 

 

Fig. 15 Residual stress before and after UNSM treatment 

 

 

4. Conclusions 

In this study, the parameters (load, inter-pass interval, and feed rate) of UNSM were varied and 

applied to D2 base metals with different initial hardness values (40, 45, 50, and 55 HRc) through heat 



treatment at different temperatures. In addition, the changes in the surface and mechanical 

characteristics after UNSM were observed for each specimen. It was found that the surface roughness 

improvement rate increased as the inter-pass interval decreased regardless of the initial hardness of 

the base metal. In addition, an increase in the static load within the critical load range improved the 

roughness. For D2-H40, the specimen with an initial hardness of 40 HRc, however, the roughness 

improvement decreased under a load of 50 N, which was excessive. Further, the surface hardness 

improvement increased as the load increased and the inter-pass interval decreased regardless of the 

initial hardness of the base metal. High loads and overlapping passes could deliver a higher energy 

density to the metal surface, which increased the hardness improvement because of the formation of 

fine crystal structures and large compressive residual stress. D2-H40, with the lowest initial hardness, 

exhibited the highest hardening depth of 400 μm after the UNSM treatment. D2-H55, which had the 

highest initial hardness, exhibited the greatest hardness improvement rate of 8.7 %. For D2-H40, the 

plastic flow was free because its ductility was relatively high, which enabled grain refinement in deep 

areas because the impact energy of the UNSM was dispersed in the surrounding area. The hardness 

improvement rate of D2-H40, however, was lower than that of D2-H55 because the degree of grain 

refinement was small as the impact energy was dispersed. In the case of D2-H55, grain refinement 

occurred only in a narrow area because the plastic flow was limited. The hardness improvement could 

have been greater owing to the grain refinement in a limited area. These results were confirmed by 

grain size measurements through EBSD. After UNSM treatment, the grain size decreased by 

approximately 18 % for D2-H40 and 29 % for D2-H55. In addition, when the residual stress was 

measured, it was found that D2-H55 exhibited the largest compressive residual stress of –1,130.6 MPa 

after UNSM treatment under the same load. 

The results of this study are expected to be used as basic data for setting the UNSM process 

conditions for the surface hardening of D2. However, the tendencies of the surface roughness and 

hardness according to the UNSM feed rate were not clearly observed in this study. It appears that the 

influence of the feed rate was not significant because the treated area of the ball tip was small. Therefore, 

in the future, the effects of the feed rate on the surface and mechanical characteristics will be observed 

by increasing the UNSM treatment area. In addition, the changes in the fatigue characteristics due to 

increasing compressive residual stress will be evaluated under the same conditions for D2-H40, D2-

H45, D2-H50, and D2-H55. 
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Figures

Figure 1

Schematic representation of heat-treatment process for D2



Figure 2

Schematics of the (a) UNSM experimental setup, and (b) UNSM principles

Figure 3

Schematic diagram of UNSM treatment on base metal and preparation for analysis



Figure 4

Photographs of UNSM-treated specimens, and (b) surface change before and after UNSM treatment



Figure 5

Comparisons of the surface roughness (Ra) and improvement rate (Φ) among the specimens with
different hardness values according to the UNSM process conditions of (a) feed rate, (b) inter-pass
interval, and (c) load



Figure 6

Surface SEM images of specimens with different hardness values according to the inter-pass interval of
UNSM: (a) D2-H40, (b) D2-H45, (c) D2-H50, and (d) D2-H55



Figure 7

Surface images according to the static load; (a) D2-H40, and (b) D2-H45



Figure 8

SEM images of the cross sections near the base metal surfaces under 50 N: (a) D2-H40, and (b) D2-H55



Figure 9

Comparisons of the surface hardness and hardness improvement rate (Φ') according to the UNSM
process conditions of (a) feed rate, (b) inter-pass interval, and (c) load



Figure 10

Cross-sectional hardness distribution around the surface; (a) D2-H40, (b) D2-H45, (c) D2-H50, and (d) D2-
H55



Figure 11

Φ' and UNSM-affected depth according to initial base metal hardness



Figure 12

Phase diagram maps of specimens (a) D2-H40, (b) D2-H45, (c) D2-H50, and (d) D2-H55



Figure 13

Inverse pole �gures and grain sizes of (a) D2-H40, and (b) D2-H55 before and after UNSM treatment



Figure 14

Schematics of the microstructural changes induced by UNSM in (a) D2-H40, and (b) D2-H55



Figure 15

Residual stress before and after UNSM treatment


