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1  Introduction

Surface texturing is an effective method to improve the tribological properties of materials and has been widely used in cutting tools [1,2], mechanical seals [3,4], bearings [5,6] and so on. The mechanism of surface texturing can be summarized by the following sequence: trapping wear debris, reducing nominal contact area, storing lubricants, and increasing load carrying capacity [7–12].

Frictional heating plays an important role in tribological systems. The high temperatures induced by friction may result in serious adhesive wear, surface softening, structural transformations, tribochemical reactions and thermal cracking, which significantly affect tribological performance [13–15]. Recent studies have revealed that surface textures may influence the increase in temperature induced by friction. Xie et al. [16] studied the cutting temperature and cutting force during the dry turning of titanium alloy with micro-grooved cutting tools. 
2  Experimental procedure

Friction and wear tests were performed for groove-textured specimens with different area densities using an SRV4 tribo-tester in oscillation mode under line contact and in dry sliding conditions. ASTM 304 stainless steel and ASTM 1045 medium steel, two frequently used materials with obviously different thermal conductivities, were tested. As shown in Figure 1, the upper cylindrical specimen (ASTM 304 stainless steel, diameter = 15 mm, length = 21 mm) oscillates against the lower specimen (ASTM 1045 steel, diameter = 24 mm, thickness = 7.88 mm). The mechanical and thermal properties of the specimens are given in Table 1. Parallel groove textures with different area densities were fabricated on the lower specimens by wire cutting. The parameters of the parallel groove textures are shown in Table 2. After surface texturing, the lower specimens were polished by SiC sand paper and corroded by 40 vol% hydrochloric acid for 1 min to remove the burrs formed during the texturing process. 
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Figure 1  (Color online) Schematic diagram of the experimental apparatus.

Table 1  Mechanical and thermal properties of the specimens

	Item
	Lower specimen 
Tempered ASTM 
1045 steel
	Upper specimen 
ASTM 304 
stainless steel

	Density (g cm3)
	7.85
	7.93

	Hardness (HV0.2)
	300
	198

	Yield strength (MPa)
	355
	205

	Thermal expansion 
coefficient (103 m1 °C1)
	11.59
	16

	Thermal conductivity 
(W m1 °C1)
	48.35
	16.3


Table 2  Design parameters of the surface textures

	Specimens number
	Texture density (%)
	Width           (μm)
	Depth
(μm)

	Texture 1
	30
	210
	150

	Texture 2
	42
	210
	150

	Texture 3
	55
	210
	150

	Untextured
	0
	0
	0


Figure 2 shows the optical image and profile of a typical textured specimen. The sliding direction in the friction and wear tests was along the axial of the upper specimen, perpendicular to the grooves. To measure the temperature of the lower specimen, a circular hole was fabricated with the centre of the circle located 1 mm beneath the surface, and a K-type thermocouple (diameter = 1 mm) was embedded in the hole (Figure 1). The hole was filled with conductive silicone grease to ensure the good contact between the thermocouple and the specimen. The detailed friction and wear test conditions are given in Table 3. Before friction and wear tests, both the upper and lower specimens were ultrasonically cleaned sequentially with acetone, absolute alcohol and deionised water. 

The surface morphology of the lower specimen was characterized by a stereo microscope (OlympusDSX100), and a surface profilometer (Talysurf PGI 1230) was used to measure the surface profile. After testing, the wear scars were characterized by scanning electron microscopy (SEM, 
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Figure 2  (Color online) Morphology and profile of Surface texture 3 (width = 210 μm, area density = 30%).

Table 3  Experimental conditions for the friction and wear tests
	Item
	Value

	Ambient temperature (°C)
	29

	Oscillation frequency (Hz)
	50

	Oscillation distance (mm)
	1

	Sliding speed (mm s1)
	100

	Normal load (N)
	100

	Sliding distance (m)
	56.2


FEI Quanta 200) and three-dimensional confocal microscopy (MicroXAM-3D). The wear volumes of the specimens were calculated on the basis of the measured widths and profiles of the wear scars. 
3  Results and discussion

3.1  Friction and temperature rise

Figure 3 shows the measured friction coefficients and temperatures of the groove-textured specimens along with those of the untextured specimen for comparison. All the tests were repeated twice and demonstrated good repeatability. The slight differences in the temperature values between the two identical tests might be attributed to the poor contact of the thermocouple under the fast sliding and vibration conditions. For all four specimens, the temperature first increased rapidly followed by a gradual increase as the experiment proceeded. Compared to the friction coefficient of the untextured surface, those of the textured surfaces decreased slightly, while the temperature rise of the textured surfaces decreased significantly. For all the textured and untextured specimens, clear differences in temperature were observed, despite the fact that the differences in friction coefficient were small. The magnitude of the decrease in temperature rise increased with the texture density. Surface texture 1 (area density of 55%) exhibited the lowest temperature rise, although its friction coefficient was not significantly different from those of the other samples.
3.2  Wear performance

The SEM images of the wear scars of the specimens are shown in Figure 4. Figure 4(a)–(d) shows the wear scars of the lower specimens, while (e)–(h) are the corresponding upper specimens. The wear scars on the textured samples are larger than those on the untextured sample (Figure 4(a)–(d)). This could be explained by the fact that under the same normal load, the contact stresses of the textured surfaces are larger than those of the untextured surface, hence, plastic deformation occurs easily on the textured surfaces. However, after wear tests, the textured surfaces are much smoother than the untextured one because the micro-wear debris formed by friction was trapped by the surface texture, preventing further abrasive wear.

Plastic deformation in the areas of wear scars in textured specimens is clearly observed. The plastic deformation ratio 
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Figure 3  (Color online) Friction coefficient and temperature under two repeated tests. (a) Texture 1; (b) Texture 2; (c) Texture 3; (d) untextured.
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where w is the width of the plastically deformed area and wi is the corresponding original width. The average widths of the wear scars, the widths of the plastically deformed areas, and the plastic deformation ratios are given in Table 4 for different textured specimens.
The three-dimensional topographies of wear scars are characterised by confocal microscopy, and the cross-   sectional images of the wear scars are shown in Figure 5. 

....
Table 4  Average values of wear scar widths, plastically deformed area widths and plastic deformation ratios of the lower specimens for the two tests
	Average data
	Lower specimens number

	
	Texture 1
	Texture 2
	Texture 3
	Untextured

	Wear scar width of lower specimens (µm)
	2486.9
	2297.1
	1991.3
	1972.3

	Wear scar width of counterpart upper specimens (µm)
	2498.1
	2260.6
	2170.9
	2067.3

	Width of the plastically deformed area w (µm)
	266.7
	368.9
	641.1
	

	Width of the corresponding original width wi (µm)
	176.2
	265.9
	493.1
	

	Plastic deformation ratio (h)
	0.51
	0.39
	0.3
	


The 3D topographies of Textures 1, 2, 3 and the untextured samples are shown in Figure 5(a)–(d), respectively, and their cross-sectional profiles are shown in Figure 5(e). The cross-sectional areas of the wear scars were calculated by fitting the profile curves using a high-order fitting function. Three different positions of wear scars were randomly selected from the specimens to calculate average wear scar areas. The average values of the cross-sectional areas, the maximum depths and wear volumes of the wear scars are given in Table 5 along with their mean square deviations. The wear volume decreased with increasing surface texture density, although the widths and depths of wear scars increased slightly. These results indicated a slight improvement in wear performance with increasing surface texture density. 
Figure 6 shows the average values of the cross-sectional areas, the maximum depths, the plastic deformation ratios and wear scar widths for the textured and untextured specimens. Almost all the values increase with the textured area density, and plastic deformation occurs easily under high surface texture density.

3.3  Discussion

The test results indicate that textured specimens exhibited smaller temperature rise in comparison to the untextured specimen. The results can be interpreted from the view point of energy. Conservation of energy gives the following equation for the lower specimen:
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 QUOTE 
 where El is the energy input to the lower specimen, QUOTE 
  Etot is the total energy generated by friction, k is the energy partition ratio to the lower specimen, Ew is the energy consumed by wear, Ep is the energy required for plastic deformation and Ec is the energy dissipated by heat conduction, convection and radiation. The total energy Etot can be calculated by 
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where μ QUOTE 
  is the friction coefficient, N is the normal load, v is the sliding velocity and t is the time. Figure 3 shows the variation in friction coefficient versus time, allowing the total energy to be calculated. The partitioning of energy between the tribo-pairs is difficult to determine. For simplicity, we assumed that the energy partition ratios are constant for all the lower specimens. Furthermore, we also assumed that ...

Table 5  Average values of the cross-sectional areas, maximum depths and wear volumes of the wear scars
	Average data
	Lower specimens

	
	Texture 1
	Texture 2
	Texture 3
	Untextured

	Cross sectional area of wear scar (103 mm2)
	97.5
	90.2
	80.6
	58.5

	Mean squared deviation of the area
	1.17
	1.27
	1.32
	5.58

	Maximum depth of the wear scars (µm)
	70.1
	67.2
	65.8
	56.9

	Mean squared deviation of the depth
	1.21
	1.04
	2.25
	17.02

	Wear volume (103 mm3)
	921.1
	1080.2
	1185.3
	1228.9

	Mean squared deviation of the wear volume
	117.2
	19.4
	15.2
	14.7
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Figure 6  (a) Cross-sectional areas and maximum depths of different textures; (b) deformation ratios and wear scar widths for different textures.
4  Conclusions

Groove textures with different area densities were fabricated on steel samples. Friction tests were conducted under dry sliding conditions, and temperature rise, friction coefficient and wear of both the textured and untextured specimens were measured. Compared to the untextured specimen, the temperature rise observed in the textured specimens was obviously smaller. The specimen with high texture density exhibited a low temperature rise. 
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