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Abstract. This paper experimentally investigates mesoscale deformation-induced surface roughening in α-titanium under cyclic loading. Two series of low-cycle fatigue tests are performed under an asymmetric loading-unloading cycle (R=0). In the first series, the stress amplitude remains constant until failure; in the second series, it is gradually increased with the number of cycles. Surface profiles are taken every 10,000 cycles. Displacement and strain fields are monitored in situ using digital image correlation. The deformation-induced surface roughness is quantified using a dimensionless roughness parameter Rd. Surface roughness is observed to appear during the first 10,000 cycles, evolving uniformly across the specimen gauge parts on further loading. The dimensionless roughness parameter does not correlate with the number of cycles under the constant stress amplitude but grows linearly when the peak stress is increased.
INTRODUCTION
[bookmark: OLE_LINK5]Fatigue cracking is a common form of component failure resulting from the gradual accumulation of irreversible deformation and damage at the micro- and mesoscales [1-4]. Generally, the stress level causing fatigue failure is significantly lower than that required to produce fracture under static loading [5, 6]. Therefore, studying the deformation behavior and fracture patterns at micro- and mesoscales and linking them to the macroscopic material response is essential for quantifying the stress-strain state and predicting the onset of failure.
[bookmark: OLE_LINK3]Extensive experimental and numerical studies [see, e.g., 4, 7, 8] demonstrate that valuable information can be obtained from the analysis of deformation-induced surface roughening (DISR). According to Refs. [8, 9], DISR develops hierarchically throughout length scales, including (i) dislocation steps within individual grains at the micoscale, (i) orange peel, ridging, and roping, originating from the relative out-of-plane displacements of individual grains and grain groups at the mesoscale, and (iii) the surface waviness that can be seen by the naked eye at the macroscale. Unlike surface roughness produced by the external actions such as tribological contact [10-13] or thermal exposure [14], the free surface roughening arises from the internal stress-strain state developing in the bulk of the material and, thus, reflects the internal deformation processes. 
Our previous investigations [15, 16] have revealed that specific characteristics of mesoscopic DISR correlate with local in-plane plastic strain under uniaxial tension and may serve as early indicators of plastic strain localization and fracture in titanium and aluminum alloys. The numerical study [17] performed for a single loading-unloading cycle demonstrates that plastic deformation begins in individual grains before the macroscopic yield strength is reached, implying that DISR can be expected even at low stresses after a large number of cycles. In this paper, we continue investigations along these lines, analyzing the DISR phenomenon in commercially pure titanium (CP-Ti) under low-cycle fatigue.
experimental procedure
For low-cycle fatigue (LCF) tests, the dog-bone-shaped specimens with 36×12×3 mm3 gauge parts (Fig. 1a) were cut along the axis of a CP-Ti rod (Fig. 1b) in accordance with ASTM E466–15 [18]. Both sides of each specimen were mechanically polished. A speckle pattern was applied to one surface for digital image correlation (DIC) analysis (Fig. 2a), while the opposite surface was divided into 7 equal sections by a set of marks for the surface profile measurements (Fig. 2b). 
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FIGURE 1. Specimen geometry (a) and scheme of cutting out a specimen along the CP-Ti rod axis (b)
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FIGURE 2. Specimen surfaces prepared for DIC analysis (a) and contact profilometry (b)

LCF tests were performed on a Biss Nano 15 kN universal testing machine equipped with the Vic-3D DIC system. The tests followed an asymmetrical loading-unloading cycle (stress ratio R=0). The specimens were taken out of the machine every 10,000 cycles to register surface profiles along the specimen central lines. Then, the specimens were put back into the machine and their LCF testing was continued. The process was repeated until failure. 
The engineering strains of the specimen sections were calculated as
	εloc=(Lloc/Lloc0) – 1,	(1)
where Lloc and Lloc0 are the current and initial section lengths, respectively, measured as the distance between the marks.
To quantify the evolution of surface asperities, the mesoscopic roughness parameter Rd was calculated for the set of profiles, as proposed in [16]:
	Rd=Lp/Lb–1,	(2)
where Lp is the rough profile length and Lb is the profile evaluation length.
Two series of LCF tests were conducted where (1) the stress amplitude remained constant at 315 MPa until failure or (2) was gradually increased from 250 to 315 MPa with the number of cycles. Displacement and strain fields were in situ monitored and recorded by the DIC system every 100 cycles at both maximum and minimum stress levels. The selected surface areas were analyzed using the optical profiler NewView 6200.
results
For both test series, roughening appeared on the specimen free surface already under the first 10,000 loading cycles. All specimens demonstrated qualitatively similar surface morphology characterized by a hierarchical structure. As an illustration, Figure 3 presents the surface profiles obtained after 10,000 and 90,000 loading-unloading cycles under a constant stress amplitude at various magnifications. The black curves represent the measurements taken along the entire gauge length, while the selected fragments magnified by ×10 and ×100 are colored red and blue, respectively. The surface profiles contain periodically repeated peaks and valleys with smaller undulations embedded within the larger-scale ones. The hierarchical structure of the surface features formed after 10,000 cycles remained unchanged on further LCF loading (cf. profiles after 10,000 and 90,000 cycles in Fig. 3). Following the terminology introduced in [19], the surface irregularities observed over 0.4 mm and 4 mm evaluation lengths are hereinafter referred to as meso-I and meso-II.
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FIGURE 3. Hierarchy of surface irregularities in the profiles measured in a CP-Ti specimen after 10,000 (a) and 90,000 cycles (b) at the constant stress amplitude

Comparing the meso-I surface profiles with the grain structures obtained by electron backscatter diffraction indicates that the finest morphological features resolved within the 0.4 mm evaluation length (blue plots in Fig.3) correspond to the out-of-plane displacements of small grain groups involving up to 5 grains, while larger-sized irregularities are formed by ~20 grains. Even larger surface undulations spanning up to 0.5 mm are resolved after 10,000 cycles within the 4 mm evaluation length at the meso-II scale (red plot in Fig. 3a). After 90,000 cycles, the period of the meso-II surface undulations increases up to 1.5 mm, covering about 150 grains. The whole set of surface out-of-plane displacements of different widths and heights, formed by individual grains and grain groups, are seen in the entire surface profiles (black plots in Fig. 3).
In order to estimate how the contributions from different scales were changed in the course of LCF loading, the raw profiles were decomposed into the macro, meso-I and meso-II components which were statistically analyzed in terms of standard deviations. Corresponding data are plotted in Figure 4a as a bar graph. The standard deviations indirectly correspond to the range of the peak-to-valley distance variations. Figure 4a shows that the larger the scale of consideration, the higher the standard deviation value. For all profile components, the standard deviations tend to increase with the number of cycles, intensifying the surface roughness at the meso-I, meso-II, and macro scales (Fig. 4a). The maximum peak-to-valley distance of the entire surface profiles grows progressively with the number of cycles, reaching ~7 m at the pre-fracture stage (the black curve in Fig. 3b).
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FIGURE 4. Standard deviations of the meso-I, meso-II, and macroscopic surface profile components (a), dependences of the Rd parameter on the number of cycles for the 1st (b) and 2nd (c) test series 

[bookmark: OLE_LINK6]In contrast to findings for uniaxial tension [15, 16], the evolution of DISR under LCF develops uniformly across the specimen surface (cf. Fig. 5b and c). In the first series of LCF tests with the constant stress amplitude, the Rd values in the specimen sections change in a saw-tooth manner, demonstrating no persistent increase with the number of cycles (Fig. 4b). This behavior can be attributed to reaching the shakedown limit during the first 10,000 cycles when the material yield strength due to the strain hardening becomes equal to the peak stress of LCF loading [20, 21]. Macroscopically, subsequent deformation under the same stress amplitude remains elastic. The strain fields obtained using DIC confirmed this effect: plastic strain was mostly accumulated during the first 10,000 cycles and ceased to increase in the subsequent LCF loadings (see Fig. 6a and b). Contrastingly, in the second series of LCF tests, where the stress amplitude was gradually increased with the number of cycles, the Rd parameter tended to linearly increase while exhibiting oscillations in individual sections (Fig. 4c).
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FIGURE 5. Specimen after LCF tests (a) and surface roughness in selected subsections marked by green (b) and red rectangles (c) obtained by optical profiler NewView 6200

	(a)
	[image: ]
	(c)
	[image: ]

	(b)
	
	(d)
	


FIGURE 6. DIC snapshots of εxx strain fields in a CP-Ti specimen after 10,000 (a, b) and 80,000 cycles (c, d) for the peak (a, c) and zero (b, d) stress states in a cycle

conclusion
[bookmark: OLE_LINK8]The multiscale features of deformation-induced surface roughening in CP-Ti specimens under low cycle fatigue loading have been investigated experimentally. It was shown that surface roughening developed uniformly across the specimen gauge parts. The surface morphology comprised a set of multiscale asperities attributed to collective out-of-plane displacements of smaller and larger grain groups. They appeared during the first 10,000 cycles and progressively evolved in the course of LCF loading. The dimensionless roughness parameter did not correlate with the number of cycles under the constant stress amplitude and grew linearly when the LCF peak stress was increased.
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