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Abstract

:

The effects of sample size and grain size on the surface morphology and flow stress of deformed samples were investigated by means of copper micro-cylinder compression experiments at room temperature. The results of SEM showed that when the grain size increased or the sample size decreased, the deformation non-uniformity of samples’ free surfaces increased. Meanwhile, the stress–strain curves showed that during the compression process, the flow stress of the sample also tended to decrease as the grain size increased or the sample size decreased. According to the experimental results of nanoindentation, a surface transition layer model was established on the basis of the surface layer model by considering the mutual constraint of grains and the existence of transition layer grains. The experimental results indicated that the stress–strain curve calculated by the surface transition layer model can more accurately reflect the actual deformation situation of the material compared to the surface layer model.
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1. Introduction


In recent years, with the increasing demand for processing micro-parts, the micro-plastic forming process has developed rapidly as an important processing method in the microscopic field. Due to the size effect, there are marked differences between the micro-forming process and the macro-forming process in terms of forming mechanism, material deformation law, and friction phenomenon. Therefore, structural parameters, physical parameters, and process parameters in macro-forming cannot be simply scaled down to the micro-forming process [1,2,3,4]. A large number of studies have been carried out by scholars for the size effect in the micro-forming process of crystalline and amorphous materials. The tensile test results of Zr65Ni35 amorphous alloy films with sub-micron thickness by Matteo et al. [5] suggested that yield stress increases with decreasing sample size. The compression test results of metallic glass pillars on a sub-micron scale by Greer et al. [6] suggested that the stress necessary for the failure of a metallic glass pillar decreases with increasing pillar height. Nanoindentation experiments by Ghidelli et al. [7] showed that micro-hardness increases with the decrease of film thickness. Copper sheet tensile tests by Chan and Fu [8] and the three-point bending tests of aluminum sheets by Raulea et al. [9] showed that the flow stress decreases as the ratio of sheet thickness to grain size decreases. The tensile tests of H62 wire by Liu et al. [10], the pure nickel compression tests by Wang et al. [11] and the compression performance tests by Conrad and Jung [12] in Ag (d > 10 nm) showed that with a decrease of grain size, the material exhibits a significant hardening tendency during the deformation process.



According to the property tests of crystal metallic materials above, the ratio of sample size to grain size plays a key role in the change of flow stress. A reasonable explanation for this phenomenon is the theory of the surface layer model, which considers that polycrystalline materials consist of surface grains and inner grains [13,14]. During the plastic deformation process, dislocations move through the inner grains and accumulate at the grain boundaries, however, grains on the free surface have less constraint on dislocation motion, which makes deformation resistance and the hardening tendency of the surface grains relatively reduced. In the surface layer model, a highly important parameter is the ratio of grian size to sample size. When the sample size decreases or the grain size increases, the ratio increases, which results in an overall reduction in flow stress.



The surface layer model considers the difference between surface grains and inner grains in flow stress, and explains the size effect phenomenon well. However, in the surface layer model, the mechanical properties of the material are determined only by the inner grains and the surface grains, and the mechanical properties between the two parts are discontinuous. Actually, in the plastic deformation of polycrystalline material, the mechanical property of each grain is affected by the surrounding deformed grains and shows continuity. Therefore, in this paper, a compression experiment of micro copper cylinder was designed to further study the size effect phenomenon, and a nanoindentation experiment was carried out to observe the distribution of mechanical properties of the material grains from the inside to the surface. Based on the experimental results, a surface transition layer model considering the continuity of grain mechanical properties was proposed to compensate for the inherent theoretical defects of the surface layer model.




2. Materials and Methods


The material used in the micro-cylinder compression experiment was T2 copper, which is widely used in micro-forming research due to its good plasticity and low resistance to deformation. In order to study the effect of grain size on the results of compression tests, three different heat treatment processes were used to treat the original Ø6 rods × 20 rods to obtain different average grain sizes. Figure 1 shows the microstructures of the copper rods, which were etched by FeCl3 alcohol solution for 10 s after heat treatment. The average grain sizes were 15 μm, 30 μm, and 50 μm, as shown in Table 1, measured three times respectively by a linear intercept method. For studying the influence of sample size on compression test results, the copper rods were cut and turned into cylindrical samples with diameters of 0.8 mm, 1 mm, and 2 mm, respectively, and the height-to-diameter ratio of the samples was 1.5:1. In order to ensure the accuracy of the compression experiment, it was necessary to ensure the perpendicularity of the end face of the cylindrical sample to the axis and the parallelism between the end faces during processing.



The compression equipment was an AG 100 kN material performance testing machine (Shimadzu Corporation, Kyoto, Japan), and the experiment was carried out at room temperature. The initial strain rate during compression was 0.002 s−1, and the applied loading rate remained constant during compression. In order to reduce the influence of friction on the compression experiment, the interface between the plate and the sample was lubricated with oil and the surfaces of the upper and lower anvil plates used for compression were polished to a mirror surface, the roughness of which was controlled to be less than Ra 0.05 μm. Because the diameters of T2 copper samples are very small and T2 copper has a low yield strength and an excellent plasticity ability, the influence of machine stiffness on the development of size effects can be neglected [15]. The cylindrical samples before and after compression are shown in Figure 2. The photos of the end surfaces of the compressed samples were taken by a JSM-7600F thermal field emission scanning electron microscope (JEOL Ltd., Tokyo, Japan) to observe the difference in the surface deformation uniformity of samples.



The end face of a Ø1 mm × 1.5 mm original cylindrical sample with a grain size of 30 μm was polished for the nanoindentation tests. From the edge to the center, nanoindentation tests were carried out with an applied load of 3000 μN at 20 μm intervals to measure the changes of micro-hardness values.




3. Results and Discussion


3.1. Surface Morphology Analysis of Micro-Compressed Cylindrical Samples


Figure 3 is an SEM photograph of the surface morphology of Ø0.8 mm × 1.2 mm cylindrical samples with an average grain size of 30 μm and at deformation amounts of 30%, 60%, and 75%. It was found from this figure that due to the influence of the friction between the contact surface of the sample and the anvil plate, a drum shape appeared on the side of the cylindrical sample, but no crack appeared. At the same time, it can be seen that the cylindrical surfaces of samples had different degrees of surface roughening. As the degree of deformation increased, the surface roughness of the cylindrical profile of the sample also increased. This is because when the cylindrical sample is loaded, the anisotropy of the grain leads to inconsistency in grain displacement and deformation. The free surface grains are less constrained by other grains, and during the deformation process, the deformation and displacement of these surface grains can be inconsistent due to lack of coordination. When the amount of deformation increases, the inconsistency of surface grain deformation and displacement becomes more obvious [14].



Figure 4 is an SEM photograph of the cylindrical surface morphology of cylindrical samples with a compression amount of 60% and different sample sizes and grain sizes. As can be seen from Figure 4, all samples showed good plasticity and no crack appeared. From Figure 4a–c, it can be seen that when the grain size remained unchanged, the surface roughening degree of the cylindrical compression sample increased with the decrease of the sample size, that is, the non-uniform flow degree of the material increased. From Figure 4a,d,e, it can be seen that in the case of a smaller average grain size, the profile of the cylindrical sample after compression was relatively flat, and the edges were relatively rounded. When the average grain size increased, the surface roughness of the compressed cylindrical sample increased remarkably, and the edge became irregular. From Figure 4c,f, it can be also observed that the same cylindrical profile surface roughness increased with the increase of average grain size, but compared with Figure 4a,e, the change of surface roughness was smaller, that is, the cylindrical surface of the compressed sample was less affected by the change of grain size. The phenomenon of Figure 4 can be explained from both surface roughening [16] and the surface layer model [17,18,19]. The surface grain obviously flowed unevenly due to less constraint from the surrounding grains. When the ratio of the grain size to the sample size was large, the proportion of surface grains was larger, which led to greater inhomogeneity of the plastic deformation of the whole sample.




3.2. Stress Analysis of Cylindrical Micro-Compression Deformation Process


The true stress–strain curve of the sample can truly reflect the relationship between the instantaneous deformation degree and the deformation resistance during the actual deformation of the sample. Figure 5 shows the corresponding flow stress curves of samples with different sizes under the condition of an average grain size of 15 μm. It can be seen that the flow stress of the material shows a significant downward trend with the decrease of the size of the cylindrical compressed sample. Figure 6 shows the corresponding flow stress curves of samples with different average grain sizes under the condition of a micro-cylindrical diameter of 1 mm. It can be seen that the flow stress shows a significant decrease trend with the increase of average grain size. The phenomenon that the flow stress decreased with the decrease of sample size or the increase of average grain size can be explained from two aspects. First, according to the theory of dislocation pile-up [20], due to the inhibition of the grain boundary structure itself, the difference in orientation between adjacent grains, and the external force, it is difficult for the dislocation to pass through the grain boundary, and it is easy to accumulate near the grain boundary and form stress concentration on the grain boundary. This is also the reason that grain refinement can improve the strength of the material. Second, since one side of the surface grain is a free surface, dislocations cannot accumulate on the free surface of the grain during the plastic deformation of the material, so the hardening effect of the surface grain on the deformation and resistance is much lower. According to the surface layer model, when the average grain size increases or sample size decreases, the relative volume fraction of the less constrained surface layer grains increases, and the effect of the surface layer grains in the overall deformation process increases, thereby causing the overall flow stress of the material reduced.




3.3. Analysis of Nanoindentation Experiment Results


The micro-hardness value changed with the distance between the measuring point and the surface as shown in Figure 7. The inner grains were constrained and influenced by grain boundaries and surrounding grains, making the inner grains more resistant to deformation, resulting in higher micro-hardness values. The surface grains were less constrained, so the surface of the sample had a lower micro-hardness value. At the same time, there was indeed a transition region between the surface layer grains and the inner grains. In this region, the change of micro-hardness value had a certain degree of continuity, and on the whole showed an increasing trend as the distance to the surface increased. According to the results of the nanoindentation experiment, it has been proved that the sample is composed of three different areas, namely, the surface layer, the transition layer, and the inner layer.




3.4. Surface Transition Layer Model


Because surface grains are less constrained and dislocations are not easy to accumulate here, the flow stress of surface grains is smaller than that of inner grains during the deformation process. Taking the differences of flow stresses between surface grains and inner grains into account, the surface layer model (hereinafter referred to as SLM) thinks that the flow stress of material is determined by the two parts together. Considering the volume fraction of surface grains and inner grains, the material flow stress can be expressed as follows [13,21]:


σ(ε)=αsσs(ε)+αiσi(ε),



(1)




where σs(ε) and σi(ε) represent the flow stress of the surface grain and the inner grain, respectively. Correspondingly, αs and αi are the volume fraction of surface grains and inner grains in the total grains, respectively, αs + αi = 1. For the cylindrical sample, as shown in Figure 8, αs can be calculated by the following equation:


αs=1−dshs−2dgds−2dghs+4dg2dshs,



(2)




where ds and hs are the diameter and original height of the cylindrical sample, respectively, and dg is the average grain size. When the sample size is much larger than the grain size, the αs value is close to 0, and the effect of surface grain is negligible. As the sample size decreases or the average grain size increases, the αs value increases, and the effect of surface grains increases as well.



The surface layer model only considers the effect of flow stress and the volume fraction of surface and inner grains on the calculation results, which are often not accurate. In recent years, based on the surface layer model, some scholars have tried to construct a more accurate model by considering plastic strain gradient hardening, such as Wang et al. [21], or subdividing the inner grain into grain interior and grain boundary, such as Li et al. [22]. In this paper, the nanoindentation results show that there was a transition layer between the surface layer with low flow stress and the inner layer with high flow stress. Thus, taking the continuity between the deformation and the mechanical properties of grains into account, a surface transition layer model (hereinafter referred to as STLM) is established based on the surface layer model. The area where mechanical properties (hardness) do not change with position is regarded as the inner layer, the area where the surface grains are located is regarded as the surface layer, and the area where the hardness increases with the distance to the surface is regarded as the transition layer. Some assumptions are promoted for establishing the model:




	(1)

	
It is assumed that the grain size is uniform in the same heat treatment state and is uniformly distributed in the cross section of the sample.




	(2)

	
In order to simplify the model, the influence of the grain orientation difference in the surface grains is not considered in the calculation process.




	(3)

	
The grains that are in contact with the anvils are also regarded as surface grains, and the grain volume fractions of each part are calculated by the average grain size and the sample size.




	(4)

	
There are transition layer grains between surface grains and inner grains. The mechanical properties of the transition layer grains are between the surface and the inner grains and are affected by the surrounding grains.




	(5)

	
The applied strain rate has the same hardening effect on the flow stress of the three layers.




	(6)

	
The mechanical properties of the material are determined by the grains of each part and their respective volume fractions.









The global flow stress of the material can be expressed as follows:


σ(ε)=αsσs(ε)+αmσm(ε)+αiσi(ε),



(3)






αs+αm+αi=1,



(4)




where σs(ε), σm(ε) and σi(ε) are the flow stresses of surface grains, transition layer grains, and inner grains, respectively, and αs, αm and αi are the volume fractions of surface grains, transition layer grains, and inner grains, respectively. Since the transition layer contains multiple layers, the flow stress of each layer is between the surface grains and the inner grains, with a linear increase trend from the outside to the inside, so the value of αmσm(ε) can be decomposed according to Equations (5) and (6):


αmσm(ε)=α1σ1(ε)+α2σ2(ε)+⋯+αnσn(ε),



(5)






σ1(ε)=nn+1σs(ε)+1n+1σi(ε)σ2(ε)=n−1n+1σs(ε)+2n+1σi(ε)⋯σn(ε)=1n+1σs(ε)+nn+1σi(ε)αm=α1+α2+⋯+αn,



(6)




where n is the number of grain layers, and σs(ε) < σ1(ε) < σ2(ε) < … < σn(ε) < σi(ε). From the grain near the surface layer to the grain near the inner grains, the flow stress of the grain gradually increases, so that the flow stress of the material continuously propagates between the surface layer and the inside. The thickness of the transition layer grains, that is, the volume fraction αm of the transition layer grains, varies with the average grain size of the material and the characteristic size of the sample.



It can be seen from the variation in the micro-hardness values of Figure 7 that the range of the transition region is about two grain sizes. Therefore, in the microscopic scale, the thickness of the transition layer is simplified to the size of two layers of grains between the surface layer grains and the inner layer grains, as shown in Figure 8. At the same time, the mechanical properties of the transition layer grains are simplified to the average of the surface grains and the inner grains, as shown in Equation (7):


σm(ε)=σs(ε)+σi(ε)2,



(7)








αm=4dgds+4dghs−32dg2dshs.



(8)





Then, combining Equations (2), (3), (4), (7), and (8), the surface transition layer model is as follows:


σ(ε)=αsσs(ε)+αmσm(ε)+αiσi(ε)σm(ε)=σs(ε)+σi(ε)2αs+αm+αi=1αs=1−dshs−2dghs−2dghs+4dg2dshsαm=4dgds+4dghs−32dg2dshs.



(9)







To simplify the calculation, the influence of grain size on the inner grain and surface grain flow stress values is not considered. The flow stresses of inner and surface grains are calculated by choosing the average grain size sizes dg of 30 μm, and αs and αi of the sample size of Ø0.8 mm × 1.2 mm and Ø2 mm × 3 mm. The values of σ(ε) of the two kinds of sample sizes were obtained from the micro-compression experimental stress–strain curves. The flow stress curves of inner grains, transition layer grains, and surface grains calculated according to Equation (9) are shown in Figure 9.



The calculated flow stress curves of inner grains, transition layer grains, and surface grains are substituted into Equation (9) to calculate the true stress–strain curves of Ø1 mm × 1.5 mm cylindrical samples. Similarly, the flow stress–strain curves corresponding to the surface layer model can be calculated from Equations (1) and (2), and the stress–strain curves calculated by the two models are compared with the experimentally measured values. As shown in Figure 10, it can be seen that in the case of an average grain size of 30 μm and 50 μm, the flow stresses calculated by the surface layer model are higher than those of the surface transition layer model, because the surface layer model regards transition layer grains as inner grains for the calculation. The results in Figure 10 show that the true stress–strain curve calculated by the surface transition layer model agrees well with the experimentally measured values. At the same time, when the average grain size becomes larger, the calculated value of the transition layer model will be more consistent with the experimental value than the surface layer model. This may be due to the increase in the volume fraction of the transition layer grains in the case of a large grain size, making the surface transition layer model more reflective of the actual deformation situation of the material due to the consideration of the transition layer. It should be noted that the new model is very sensitive to the number of grain layers in the transition layer and its statistical scatter. The calculation of transition layer thickness depends on the number of micro-hardness measurement points. If the number of measurement points is too small, the calculation of transition layer thickness will come into errors. Moreover, the thickness of the transition layer does not exactly correspond to two layers of grains, so the number of grain layers in the transition layer may be uncertain in the model. However, combining the theoretical hypothesis of transition layer and the fitting analysis based on experimental data, the predicted results are still in good agreement with the actual situation. Of course, some factors that affect the size effect still need to be studied further, for example, the hardening effect of the applied strain rate on the flow stress of the three layers.





4. Conclusions


	(1)

	
As the grain size or compressive account of deformation of the micro-cylindrical sample increases, the flow deformation non-uniformity of the surface layer of the sample increases. As the size of the cylindrical sample decreases, the non-uniformity of the flow deformation of the surface layer increases. As the size of the cylindrical sample decreases or the average grain size increases, the flow stress of the micro-cylindrical sample decreases, which can be explained by surface roughening and the surface layer model.




	(2)

	
Through the nanoindentation experiment, it was found that the micro-hardness value increases with the increase of the distance between the measurement point and the surface, and the change of the hardness value has continuity, which indicated that there is a transition layer between the surface layer grain and the inner grain.




	(3)

	
On the basis of the surface layer model, considering the influence of the transition layer grains, the grains of a micro-cylindrical sample were divided into three parts: surface layer grains, inner grains, and transition layer grains. The surface transition layer model was proposed. The experimental results showed that the surface transition layer model can more accurately reflect the actual condition of the material, especially when the grain size is larger.
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Figure 1. Various grain sizes under different heat treatment conditions: (a) 430 °C for an hour and air cooling; (b) 700 °C for 8 h and air cooling; (c) 700 °C for 24 h and air cooling. 
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Figure 2. T2 copper cylindrical samples. 
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Figure 3. Surface morphology of compressed samples (Ø0.8 mm × 1.2 mm and grain size 30 μm) under various compression degrees: (a) 30%; (b) 60%; (c) 75%. 
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Figure 4. Surface morphology of compressed samples with various sample sizes and various grain sizes (compression degrees are all 60%): (a) Ø0.8 mm × 1.2 mm and grain size 15 μm; (b) Ø1 mm × 1.5 mm and grain size 15 μm; (c) Ø2 mm × 3 mm and grain size 15 μm; (d) Ø0.8 mm × 1.2 mm and grain size 30 μm; (e) Ø0.8 mm × 1.2 mm and grain size 50 μm; (f) Ø2 mm × 3 mm and grain size 50 μm. 
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Figure 5. Flow stress of compressed samples with various geometry sizes. 
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Figure 6. Flow stress of compressed samples with various grain sizes. 
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Figure 7. Micro-hardness values of different positions of original copper cylinder with a diameter of 1 mm. 
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Figure 8. Schematic picture of the transition layer model: The left is the actual distribution model of three kinds of grains, and the right is the model after simplifying the transition layer into two layers of grains. 
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Figure 9. Flow stress of three kinds of grains at an average grain size of 30 μm. 
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Figure 10. Comparison of stress–strain curves calculated by two models with actual stress–strain curves: (a) when the grain size is 30 μm, Ø1 mm × 1.5 mm; (b) when the grain size is 50 μm, Ø1 mm × 1.5 mm. 
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Table 1. Heat treatment process and average grain size.
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	Heat Treatment Process
	430 °C 1 h + Air Cooling
	700 °C 8 h + Air Cooling
	700 °C 24 h + Air Cooling





	Average grain size S (μm)
	15
	30
	50



	Standard deviation σ (μm)
	1.7
	2.4
	4.3











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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