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34 ABSTRACT 
35 This paper presents a study on cold microdrawing of pure magnesium for biomedical 

36 applications, where hollow sinking drawing of microtubes of 820 µm diameter and wall thickness 

37 around 100 µm was used, varying drawing speeds to achieve a significant reduction in cross- 

38 sectional area in a single pass. Results showed an improved surface finish with reduced surface 

39 roughness after drawing. The material exhibited an increase in microhardness and ultimate 

40 tensile strength by 41% due to work hardening caused by plastic deformation. The study also 

41 identified wall thickening of the tube and observed springback behavior of Mg at the die exit. 

42 Drawing forces were collected for process monitoring, and finite element (FE) simulations were 

43 conducted to assess the risk of pure Mg microtube breakage. This research contributes to 

44 advancing the state of the art in Mg microtube drawing, addressing the unique challenge of 

45 working with such small tube dimensions where limited studies currently exist. 
 

46 
 

47 Key words: Microtubes, magnesium, cold drawing, hollow sinking, biomedical devices 

48 

49 1. INTRODUCTION 
 

50 
 

51 Magnesium (Mg) and its alloys are widely studied in the field of biomaterials due to 
 

52 their high biocompatibility and low toxicity, being one of the essential components in 
 

53 the regulatory mechanisms of the human body [1, 2]. Their application becomes very 
 

54 interesting when implantable bioresorbable devices are involved, which are supposed to 
 

55 perform their function for a limited period of time inside the body [3]. The best known 
 

56 and largest applications concern cardiovascular stents and bone implants, where the 
 

57 corrosion of the material within the body fluids is exploited in order to allow the device 
 

58 to disappear completely once it is no longer useful, with the great advantage of avoiding 
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59 removal surgery [4, 5]. Although pure magnesium represents an excellent candidate for 
 

60 the present applications, the most suitable technology for prototyping miniaturized 
 

61 devices needs to be extensively investigated. In fact, Mg is known for its high corrosion 
 

62 rate, poor mechanical properties and poor processability. 

 
63 Mg tubular products are becoming increasingly more relevant for medical 

 
64 applications such as injection needles, bone-joint implants, and blood-tube stents [6, 7]. 

 
65 Among all the metal forming processes, drawing is widely used for the production of 

 
66 tubular Mg-based components which allows a tube diameter to be significantly reduced 

 
67 using a die. In cold drawing operations, the workpiece predominantly experiences 

 
68 tensile stresses as a result of being pulled through a die. However, a certain degree of 

 
69 compression stress is also imparted to the material as it passes through the die [8]. The 

 
70 maximum reduction in the cross-sectional area achievable for Mg alloys changes 

 
71 depending on whether the process is performed in cold or warm conditions. In the first 

 
72 case the value is around 5% and significantly lower than the 15% achievable under 

 
73 heated conditions [9]. In fact, Mg-based materials are characterized by hexagonal closed- 

 
74 packed (HCP) structure with limited slip systems which causes different issues such as i) 

 
75 poor ductility at room temperature, ii) low finished product yield and iii) high cost of 

 
76 cold drawing tubes. All of these aspects lead to manufacturing difficulties and poor 

 
77 control of surface quality and thickness uniformity [10, 11, 12]. Hot plastic deformation 

 
78 is a widely employed technique with advantageous effects on the metal flow behavior of 

 
79 magnesium alloys. Additionally, it facilitates microstructure refinement through strain 

 
80 accumulation, resulting in uniform deformation and enhanced mechanical properties 
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81 [13, 14, 15]. On the other hand, using high temperatures would imply too high 
 

82 production costs. For these reasons, Mg material necessitates the use of numerous cold 
 

83 drawing passes and intermediate annealing phases, as large reductions in cross- 
 

84 sectional area and wall thicknesses cannot be achieved in a single step [9]. Moreover, 
 

85 when dealing with microdiameters and thin walls, size effects related to grain size, 
 

86 friction and difficulties in the manufacture of dies and tools occur, making the process 
 

87 even more challenging. Microforming of such small tubes may induce lower formability, 
 

88 higher risk of failure while drawing and generate more expensive manufacturing 
 

89 processes chains. In fact, to the authors’ knowledge, no studies in the scientific 
 

90 literature are related to magnesium capillaries with diameter below 1 mm and thickness 
 

91 as low as 100 microns. 

 
92 There are several drawing strategies that can be used. The simplest way is called 

 
93 hollow sinking, where the tube is forced to pass through the die, without any internal 

 
94 support used in order to control the thickness. Other techniques, on the other hand, 

 
95 involve the use of a tool held inside the tube that can be fixed (fixed plug tube drawing) 

 
96 or mobile (mandrel drawing and floating plug drawing), as shown in Fig. 1 [10]. In these 

 
97 latter cases, it is also possible to control the thickness of the tube, thanks to the action 

 
98 of the tool from the inside [9]. 

 
99 In this work, a study on the drawing of pure magnesium for thin-walled and fine 

 
100 tubes is presented. In this context, the drawing technique hollow sinking was used to 

 
101 obtain Mg capillaries, hence a considerable reduction in cross-sectional area with a 

 
102 single pass in a die could be obtained. This procedure was selected for this preliminary 
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103 investigation, to avoid any issue related to the use of a plug or a solid mandrel, according 
 

104 to the study reported by Yoshida et al. [10]. In fact, the study demonstrated the 
 

105 unsuitability of plug drawing, despite being a widely used method for obtaining thin- 
 

106 walled tubes. This method, in fact is poorly suited for magnesium and its alloys due to 
 

107 brittleness. In the same study, the feasibility of drawing with mandrel was evaluated. 
 

108 Again, several problems arose related to the difficulty in extracting the inner mandrel 
 

109 core used. The typical feasible reduction ratios in microdrawing of magnesium tubes 
 

110 ranges between 5 and 15%. In the present paper a reduction ratio larger than 10% is 
 

111 aimed at, using cold sinking with unprecedented small capillary dimensions. Changes in 
 

112 the material mechanical properties were observed in terms of hardness on the cross- 
 

113 sectional surface and by means of tensile test at failure. Moreover, external surface 
 

114 roughness, wall thickening and circularity of the cross-section of drawn tubes were 
 

115 evaluated. Drawing force was also measured as an output of the experiments. Indeed, 
 

116 these data could be useful for process monitoring. To support the experimental results, 
 

117 FE analyses were performed to observe how the drawing speed affects the damage 
 

118 incurred by the tube. 

 
119  

120 2. MATERIAL AND METHODS 

121 2.1 Material characterization 
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122 Pure Mg material was chosen because of its workability, which is higher than other 
 

123 magnesium alloys for biomedical use, and to avoid issues related to alloying elements 
 

124 that may make the topic of biocompatibility complex [16]. 

 
125 Hence, 99.5% pure magnesium extruded tubes with starting outer diameter D0–out 

 
126 and wall thickness Th0 equal to respectively 829 µm (σ = 13.9 µm) and 119 µm (σ = 6.95 

 
127 µm), were used for this experimental study. In order to characterize the as received 

 
128 material, uniaxial tensile tests at failure were carried out on 3 samples using a 

 
129 dynamometer with a ±5 kN static load cell (INSTRON 3366/Q9034, Norwood, 

 
130 Massachusetts, USA) using a loading rate equal to 10 mm/min. The same procedure was 

 
131 carried out on 3 drawn tubes after the experiments to observe the effect of work 

 
132 hardening due to plastic deformation. In this case, the same loading rate was used with 

 
133 a load cell equal to 225 N mounted on a BOSE Enduratec ELF 3200 machine (TA 

 
134 Instruments., New Castle, DE, USA). 

 
135 Moreover, in order to investigate the effect of plastic deformation due to the 

 
136 drawing process on mechanical properties, the microhardness variation on the cross- 

 
137 section of the microtubes embedded in the cold resin and polished was measured 3 

 
138 times for each sample with a microhardness tester (FM-810, FUTURE-TECH CORP., 

 
139 Kawasaki, Japan) based on the Vickers hardness with a load of 50 g and a dwell time of 

 
140 15 s. 

 
141 The optical microscope LEICA MEF4M (Leica Microsystems, Wetzlar, Germany) was also 

 
142 used to observe the cross-sectional surface pattern of the as received microtube. 

 
143 Hence, after polishing, the sample was chemically etched with Nital 2% to reveal the 
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144 microstructure. Figure 2 (a) represents a micrograph of the analyzed cross-section. 
 

145 Here, the presence of mechanical twins on the surface produced by the previous states 
 

146 of cold plastic deformation is visible. In this situation, detecting grain boundaries and 
 

147 thus measuring grain size becomes very challenging. From the cross-sections shown in 
 

148 Fig. 2 (a), it can be seen that the starting samples do not have a uniform wall thickness. 
 

149 This characteristic could somehow affect the microtube’s ability to withstand the 
 

150 drawing process. 

 
151 2.2 Drawing experimental setup 

 
152 The hollow sinking cold drawing method was chosen for this experimental study, to 

 
153 obtain a substantial reduction of the cross-section area of the starting Mg microtube in 

 
154 a single pass. 

 
155 Figure 2 (b) shows a diagram of the proposed hollow sinking drawing process, where 

 
156 the relevant factors influencing the tube’s drawability are reported, as the inlet 

 
157 diameters (D0–out and D0–in) and outlet diameters (Dn–out and Dn–in) of the tube. These 

 
158 factors determine the total reduction in area R%, according to Eqn. (1) [17]: 

 

159 
𝑅% 

= (1 − 𝐴𝑛) ∙ 100 [%] (1) 
𝐴0 

 
160 Where A0 and An represent the initial and final tube cross-sections, defined 

 
161 according to Eqn. (2) and Eqn. (3), respectively: 

 

162 𝐴0 =  𝜋∙(𝐷0−𝑜𝑢𝑡
2−𝐷0−𝑖𝑛

2) (2) 

4 
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163 𝐴𝑛 =  𝜋∙(𝐷𝑛−𝑜𝑢𝑡
2−𝐷𝑛−𝑖𝑛

2) (3) 

4 
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164 Figure 2 (b) also shows the geometric characteristics of the diamond-insert die 
 

165 (Balloffett, Lagnieu, France), such as the approach angle 2α and the bearing length Lb 
 

166 (see Table 1). 

 
167 Therefore, a prediction of R% can be made using Eq. 1 with the starting assumption that 

 
168 the thickness of the tube after drawing is negligible and that Dn–out is equal to Ddie, a 

 
169 R% value equal to 11.34% is obtained. This theoretical value was then compared with 

 
170 that measured downstream of the experiments to quantify any wall thickening. In fact, it 

 
171 has been observed in literature that an increase in small tubes wall thickness can occur 

 
172 during hollow sinking drawing when passes are repeated several times [10]. 

 
173 In this experimental campaign, 6 Mg microtube samples, with initial length l0−sample 

 
174 = 40 mm, were tested by varying the drawing speed v over two levels. The test 

 
175 conditions are reported in Table 2. 

 
176 This experimental scheme provided 3 replicates for the analysis of the process as a 

 
177 function of the drawing speed v. The values of v were selected based on the 

 
178 dynamometer’s maximum speed of 500 mm/min. To investigate the impact of velocity 

 
179 on the process, the lower limit was chosen an order of magnitude lower. All the tests 

 
180 were conducted at room temperature with lubrication in order to decrease the drawing 

 
181 force (Hard-Cut 541, Hangsterfers, Mantua Township, USA) and using a dynamometer 

 
182 with a ±5 kN static load cell (INSTRON 3366/Q9034). During drawing, forces were 

 
183 acquired by the load cell. To thread the tube into the die, one of the two ends of the 

 
184 sample was hammered. This commonly used practice, however, resulted in a waste of 

 
185 material. 
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186 2.3 Surface roughness, tube dimensions and cross-section circularity 
 

187 As a factor influencing corrosion kinetics, external surface roughness was examined 
 

188 [18]. Surface roughness measurements were made using the 3D microscope Alicona 
 

189 InfiniteFocus G4 (Bruker Alicona, Graz, Austria) to observe how this parameter is affected 
 

190 by the drawing process. For each sample, 3 measurements were made before and after 
 

191 the experiment using the ’SurfaceTextureMeasurement’ function in the Alicona 
 

192 software, as shown in Fig. 3 (a). For all the measurements, a cutoff wavelength equal to 
 

193 800 µm was selected for the 500x200 µm measurement region. 

 
194 The relevant factor taken into account is the average height of selected area Sa. 

 
195 To assess the homogeneity of the tube’s outer diameter after the drawing process, 3 

 
196 measurements of D0–out and Dn–out were taken on each sample. The 

 
197 “3DFormMeasurement” module of the Alicona software was used in this case, which 

 
198 allows to obtain the cylinder that best fits the dataset, and thus all the geometric 

 
199 dimensions of the portion of the tube of interest, as shown in Fig. 3 (b). Moreover, the 

 
200 wall thickness was calculated from the difference between the outer diameter of the 

 
201 tube and the inner diameter. The latter was measured using calibrated pins with 0.1 

 
202 mm pitch (Azuréa Microtechnique SA, Bévilard, Switzerland) before and after the tests. 

 
203 Circularity of cross-section of the tube was evaluated using the software ImageJ 

 
204 (NIH), from images obtained by the LEICA MEF4M optical microscope. 

 
205 

 

206 
207 

2.4 FE Simulations 
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208 Finite element analyses were performed to evaluate process stability and to observe 
 

209 the influence of drawing speed on Mg damage. Forge, an elasto viscoplastic implicit FE 
 

210 simulations software (version 3.0, Transvalor S.A., Biot, France) was used, in which a 
 

211 setup composed by the tube inserted inside the die and drawn by a puller was created, 
 

212 as shown in Fig. 4. For the simulation, a microtube with initially perfect cylindrical 
 

213 geometry (dimensions D0–out = 820 µm and Th0 = 115 µm) and a die with dimensions 
 

214 reported in Table 1 were used. In the cold drawing simulations, the tube is drawn by a 
 

215 puller that is driven by a hydraulic press with the two drawing speeds used in the 
 

216 experiments (see Table 2). Only 1/8 of the system was simulated, with the assumption 
 

217 of symmetry planes. Then a cold drawing was simulated, thus with a tool and tube 
 

218 temperature of 25◦C. The part was modeled using tetrahedral elements, with an average 
 

219 of 4 elements through the thickness of the tube. The drawing die was modeled as 
 

220 perfectly rigid. 

 
221 The friction Coulomb limited Tresca model was used in order to model the oil friction 

 
222 condition between die and tube. The coefficients µ and µ̄  were selected during model 

 
223 calibration. It was assumed that the selected velocities for the experiment are not high 

 
224 enough to observe significant effects in terms of tribological behavior, for this reason, 

 
225 the same friction coefficients µ = 0.025 and µ¯ = 0.05 were used for both the low-speed 

 
226 and high-speed process. 

 
227 No friction is implemented between the supporter and the tube, while bilateral 

 
228 sticking contact is implemented between the tube and the puller. Latham & Cockcroft 

 
229 Normalized (LCn) damage model is activated in all simulations with a damage threshold 
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230 of 0.36 according to literature for room temperature [12]. The definition of LCn is given 
 

231 in the Eqn. 4: 
 

232 𝐿𝐶𝑛 = ∫
̅𝜀̅𝑓 ̅ 𝜎𝑚𝑎𝑥 𝑑𝜀 ̅(4) 

𝜎̅ 

 
233 σmax: maximum tensile stress, equal to the principal stress σ1 in the axial direction 

 
234 σ¯ : effective stress 

 
235 ϵ¯f : equivalent strain at which the fracture occurs 

 
236 Pure Mg was chosen for the simulations for the tubes, and the data obtained from 

237 uniaxial tensile tests to failure before drawing, described above, were used to model the 

238 material by the Forge software, which uses the Hansel & Spittel flow stress law reported 
 

239 in Eqn. 5: 
 

240 
𝜎𝑓 = 𝐴𝑒 𝑚1𝑇𝜀 𝑚2 𝜀̇ 

𝑚4 
𝑚3 𝑒 𝜀 (1 + 𝜀) 

𝑚5𝑇𝑒 
𝑚7𝜀 

𝜀̇ 
𝑚8𝑇 

𝑇𝑚 
9 (5) 

 
241 The obtained non-zero coefficients are: A = 210 MPa, m1 = - 0.0009, m2 = 

 
242 0.0693441, m3 = 0.022. All temperature-dependent coefficients are equal to zero, 

 
243 except m1, which is very close to zero anyway, i.e. there is a negligible influence of 

 
244 temperature on the material properties. 

 
245  

246 3. RESULTS 

247 3.1 Material characterization 
 

248 The stress-strain graphs obtained from the uniaxial tensile tests are shown in Fig. 5(a). 
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249 As it can be seen, the ultimate tensile strength UTS values assume 40.87% higher values 
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250 when the magnesium was subjected to the drawing process. In fact, the initial averaged 
 

251 UTS0 is equal to 173.3 MPa (σ = 2.55 MPa), lower than that measured after the cold 
 

252 deformation process UTSn, equal to 244.12 MPa (σ = 27.67 MPa), (T-Test, p-value < 0.05). 

 
253 Furthermore, a large increase of 41% in the hardness of the sample is observed. In 

 
254 fact, in both cases the T-Test performed after checking the normality of the data 

 
255 confirmed a significant statistical difference (p-value < 0.05). This phenomenon can be 

 
256 attributed to work hardening of the material due to the plastic deformation (see Fig. 

 
257 5(b)). These factors are not affected by the drawing speed v (T-Test, p-value > 0.05). 

 
258 Moreover, from an analysis of the microstructure of the drawn microtubes shown in 

 
259 Fig. 6, a twinned structure is always present. 

 
260 

 
261 3.2 Surface roughness, tube dimensions and cross-section circularity 

 
262 After verifying the normality of the data, a paired T-Test showed that the surface 

 
263 quality of the microtubes improved compared with the starting condition (p-value < 

 
264 0.05). A 34% reduction in the value of Sa downstream the drawing process was found. 

 
265 The results are shown in Fig. 7(a). In any case, San is not affected by the drawing speed 

 
266 v (T-Test, p-value > 0.05). 

 
267 The average measured value of the outer diameter at the outlet of the tube Dn–out is 

 
268 equal to 754 µm (σ = 2.62 µm) and is larger than the hole diameter of the die (740 µm, 

 
269 see Table 1). This means that the material undergoes springback as it exits the die. As 
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270 expected, a microtube average wall thickening of 5.98% was observed due to hollow 
 

271 sinking drawing (paired T-Test, p-value < 0.05). The results are shown in Fig. 7(b). 

 
272 In fact, the absence of an internal tool does not provide control of the internal lumen of 

 
273 the tube. This factor, added to the springback of Mg, produces a R% value calculated 

 
274 according to Eqn. 1 equal to 6.44%, lower than the expected 11.34%. The drawing speed 

 
275 had no influence on the thickening of the microtube wall or the outer diameter achieved 

 
276 (T-Test, p-value > 0.05). The paired T-Tests were performed after verifying normality of 

 
277 the data. Comparing the cross-sectional area of the samples before drawing in Fig 2 (a) 

 
278 with that of the drawn samples in Fig 6, an improvement in circularity is observed. In 

 
279 fact, the circularity varies greatly between samples before drawing (see Fig 7 (c)). 

 
280 Subsequently, the passage through the die improved the circularity condition of the 

 
281 tube while also reducing its variability. 

 
282 3.3 Drawing forces as monitoring factor 

 
283 The graph shown in Fig. 8 represents as an example the trend of forces acquired by the 

 
284 load cell during the drawing process of two samples. The force signal increases in the 

 
285 initial drawing phase and then stabilize at a constant value that is maintained throughout 

 
286 the process. In this period, the force reaches values that vary depending on the drawing 

 
287 speed. In fact, it has been observed that the drawing force increases as v increases (T- 

 
288 Test, p-value < 0.05) as shown in Fig. 7(d). From the force signals, it is possible to detect 

 
289 if instabilities have occurred during drawing, and thus associate changes in F with 

 
290 defects/breakages in the material. In fact, the green signal in Fig. 8 represents the 

 
291 drawing force trend of a single sample, during which a displacement of the die within 
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292 the setup occurred. This movement resulted in a change in force, which, however, 
 

293 stabilizes again in the following instants. 

 
294 

 
295 3.4 FE simulations results 

 
 

296 Simulations showed that the damage suffered by pure Mg microtubes according to the 
 

297 Latham & Cockcroft Normalized damage model is below the threshold of 0.36. This means 
 

298 that the drawn tubes are safely far from their failure limit. Given that the tested reduction 
 

299 value is only 6%, the FE analyses suggest that larger R% values could be used in this process, 
 

300 to obtain smaller diameters and thickness capillaries. It was observed that the value of LCn 
 

301 obtained as an output from the simulations in the inner region of the tube is higher than 
 

302 the outside one. In this case, the risk of failure is greater in the inner region of the tube 
 

303 compared to the outer region, consequently, the probability of encountering an internal 
 

304 crack is higher. Interestingly, the maximum value of LCnmax in the inner region slightly 
 

305 decreases as the drawing speed increases. In fact, LCn reaches high values in multiple areas 
 

306 at both speeds, even if critical areas are not extensive for a low drawing speed (LCnmax = 
 

307 0.157 for v = 50 mm/min) with respect to high speeds (LCnmax = 0.148 for v = 500 mm/min), 
 

308 (see Fig. 9). It is also noteworthy that the temperature increases in the tube due to an 
 

309 increased speed amounts to only about 5◦C. 
 
 

310 It can be seen in Fig. 7(b) and Fig. 7(d) that Thn and forces obtained from the 
 

311 simulations during the drawing process are of the same order of magnitude as those 
 

312 obtained experimentally. 
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313 

 
314 DISCUSSION 

 
315 Mg tubular products are increasingly becoming relevant for medical applications but, 

 
316 due to its HCP structure, the drawing process can lead to several issues, such as poor 

 
317 ductility at room temperature, low finished product yield and high costs. Moreover, the 

 
318 drawing process becomes more challenging when working with thinwalled 

 
319 microcomponents due to dimensional effects. 

 
320 In this study, the hollow sinking drawing method was used to obtain cold drawn Mg- 

 
321 based capillary structures. Changes from the initial state of the tubes in mechanical 

 
322 properties, surface roughness and wall thickness were observed, and the possible 

 
323 influence of process speed on these factors was investigated. Drawing forces were also 

 
324 examined as outputs. In addition, FE simulations were conducted to assess the risk level 

 
325 of magnesium microtube damage. 

 
326 The results of the experiments are not dependent on the drawing speed used, 

 
327 except for the drawing forces. Probably, the selected range of v, imposed by the limits 

 
328 of the dynamometer used, is restricted and far from a real drawing speed. In fact, in real 

 
329 cases, the drawing velocity could be much higher in order to increase productivity. 

 
330 Nevertheless, it has been observed that both the UTS and the microhardness of Mg 

 
331 increase by the 41% due to the work hardening imposed by the cold drawing process. 

 
332 This phenomenon reduces the ability of Mg to plastically deform, which means that 

 
333 numerous cold drawing and alternating annealing steps are required to maintain good 
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334 formability of this material in order to achieve high cross-sectional area reductions. In 
 

335 fact, applying appropriate temperature and duration, annealing induces stress relief and 
 

336 grain growth necessary for enhanced formability and reduced risk of failure during the 
 

337 drawing process [17]. Furthermore, a twinned structure of the material was observed, 
 

338 which was already present in the samples before being drawn. At every stage of the 
 

339 drawing procedure, additional dislocations and twins can be introduced. The influx of 
 

340 defects may excessively embrittle the structure, compromising formability. On the other 
 

341 hand, doing more annealing process with higher temperature and time may cause grain 
 

342 growth and strength loss, with higher formability and lower probability of failure during 
 

343 drawing can be achieved [19]. The severe plastic deformation allows the formation of 
 

344 an ultrafine-grained structure in magnesium alloy tubes. This structural refinement 
 

345 leads to a substantial improvement in the mechanical properties, as well as a moderate 
 

346 enhancement in biocorrosion resistance [20]. 

 
347 Moreover, experiments showed an improvement in the surface quality of the as 

 
348 received material. The cold drawing process performed has improved the surface finish, 

 
349 hence an increase in corrosion resistance could be expected [18]. As reported in the 

 
350 study by Hanada et al. [21], machine oil, such as the one used in the present work, 

 
351 represents the best lubricant for the magnesium cold drawing process. In fact, 

 
352 machine oil allows an average surface roughness of 0.24 µm to be obtained. In addition, 

 
353 circularity of cross-section of the tube was improved by the drawing process. This first 

 
354 pass in the die can therefore be used to adjust the tube and to have a uniform cross- 

 
355 section, and thus a better stress distribution. 
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356 Also, this study showed that cold microdrawing using the hollow sinking strategy 
 

357 leads to a thickening of the wall, according to literature [10]. This occurs when using 
 

358 very small tubes, due to the absence of a mandrel inside, which is normally used in solid 
 

359 or liquid form for thickness control. 

 
360 Force monitoring, which provides information on the status of the process such as 

 
361 anomalies, breakages or instabilities that may occur during the drawing, showed an 

 
362 increase of F with increasing speed, due to the fact that the material is strain rate- 

 
363 dependent and from the presence of machine inertia. 

 
364 FE simulations, finally demonstrated the low level of risk of magnesium microtube 

 
365 breakage using the proposed drawing speeds. Although it has been observed that this 

 
366 damage has a smaller magnitude when drawing at higher speeds, the difference is small 

 
367 and therefore this effect can be considered negligible. In fact, simulations show that 

 
368 the temperature increase during the process is only 5◦ C, not enough to soften the 

 
369 material. Moreover, it can be affirmed that the forces and thicknesses obtained through 

 
370 simulations align with experimental results. This means that the choice of keeping the 

 
371 same friction coefficients for both simulations returned outputs concordant to the 

 
372 experimental data. In fact, it was observed that larger values of µ and µ̄ returned higher 

 
373 force values than those measured experimentally. The coefficients, which define the 

 
374 flow stress law, were also chosen appropriately. 

 
375 

 
376 CONCLUSIONS 
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377 This study, provides an effective method for obtaining Mg-based thin-walled 
 

378 microtubes by means of cold drawing process with diameters smaller than one 
 

379 millimeter. Thus, this approach can be used for obtaining miniaturized magnesium 
 

380 devices for biomedical applications, where very small dimensions are required for the 
 

381 anatomical district of interest. The most relevant obtained results are listed below. 

 
382 1. Cold drawing of magnesium is possible using the hollow sinking to achieve cross- 

 
383 sectional reductions up to approximately 6-7%. 

 
384 2. Lubricating the outer surface of the tube with machine oil improves the finish when 

 
385 in contact with the die. 

 
386 3. Plastic deformation leads to material hardening, increasing hardness and ultimate 

 
387 tensile strength by 41%, accompanied by the occurrence of mechanical twins. 

 
388 4. Increasing the drawing speed by an order of magnitude, and thus the productivity 

 
389 of the process, does not seem to increase the level of material damage nor the 

 
390 temperature, which is quite remarkable in an industrialization perspective. 

 
391 5. The model used for FE simulations returns values of forces and final wall thicknesses 

 
392 of microtubes in agreement with experimental data. 

 
393 The biomedical research field is highly interested in magnesium device production due to 

 
394 its exceptional suitability for biocompatible and biodegradable applications. While this 

 
395 work serves as an initial step in obtaining tubular Mg-based microcomponents, further 

 
396 exploration is needed to understand the mechanical properties after multiple drawing 

 
397 passes and potential heat treatments for material crystalline structure restoration. This is 
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398 the topic for further research. Furthermore, it is essential to study the corrosion rate in 
 

399 biological fluids, considering the extent of plastic deformation experienced. 

 
400 
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Figure Captions List 
 

Fig. 1 Commonly used drawing techniques 

Fig. 2 (a) Cross-section examples and microstructure of the as received 
magnesium tube. (b) Hollow sinking drawing process. 

Fig. 3 (a) Surface roughness measurement of the region of interest after 
cylinder form removal. (b) Tube outer diameter measurement. 

Fig. 4 FE implemented setup 

Fig. 5 (a) Stress-Strain deformation curves obtained before and after 
drawing. The legend shows the initial stretch of the samples L0, which 
is the distance between the machine grips before the tensile tests. (b) 
Microhardness box plots results. H0: initial microhardness; Hn: final 
microhardness. 

Fig. 6 Drawn microtubes cross-sections and their microstructure 

Fig. 7  
(a) Sa box plots. Sa0: initial surface roughness; San: final surface 
roughness. (b) Th box plots. Th0: initial thickness; Thn: final thickness. 
The asterisk in the graph shows the value of Th obtained by FE 
simulations (c) Outer circularity box plots C0 initial outer circularity; Cn 
final outer circularity. (d) Forces box plots. The asterisks in the graph 
show the values of forces obtained by FE simulations. 
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Fig. 8 Drawing force trend as a function of displacement, with v = 500 

mm/min. The signals were acquired from the load cell during drawing, 
and refer to two example samples (squares signal and circles signal). 

Fig. 9 FE simulations results. LCn contour plot for different drawing velocities 
in the inner region of the microtube. 

 
 
 
 
 

 
505 Table Caption List 
506 

 

Table 1 Geometrical characteristics of the die as Ddie: die exit diameter; 2α: 
approach angle; Lb: bearing length. 

Table 2 Drawing test conditions and samples. Level 1 refers to the lower level of 
speed (-), while Level 2 refers to the higher level of speed (+). 
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Figure 1 Commonly used drawing techniques 
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Figure 2 (a) Cross-section examples and microstructure of the as received magnesium tube. (b) Hollow 

sinking drawing process. 
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Figure 3 (a) Surface roughness measurement of the region of interest after cylinder form removal. (b) 

Tube outer diameter measurement. 
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Figure 4 FE implemented setup 
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558 
559 Figure 5 (a) Stress-Strain deformation curves obtained before and after drawing. The legend shows the 
560 initial stretch of the samples L0, which is the distance between the machine grips before the tensile tests. 
561 (b) Microhardness box plots results. H0: initial microhardness; Hn: final microhardness. 

562 
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Figure 6 Drawn microtubes cross-sections and their microstructure 
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Figure 7 (a) Sa box plots. Sa0: initial surface roughness; San: final surface roughness. (b) Th box plots. Th0: 

initial thickness; Thn: final thickness. The asterisk in the graph shows the value of Th obtained by FE 
simulations (c) Outer circularity box plots C0 initial outer circularity; Cn final outer circularity. (d) Forces 

box plots. The asterisks in the graph show of the values of forces obtained by FE simulations. 



33 

 

 

 

 
606 
607 
608 
609 

610 
611 
612 
613 
614 
615 
616 
617 
618 
619 
620 
621 
622 

 
Figure 8 Drawing force trend as a function of displacement, with v = 500 mm/min. The signals were 
acquired from the load cell during drawing, and refer to two example samples (green signal and blue 

signal). 
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Figure 9 FE simulations results. LCn contour plot for different drawing velocities in the inner region of the 

microtube. 
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647 Table 1 Geometrical characteristics of the die as Ddie: die exit diameter; 2α: approach angle; Lb: bearing length. 
 

Ddie 2α Lb 

[µm] [deg] [mm] 

740 18 1.5 
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Table 2 Drawing test conditions and samples. Level 1 refers to the lower level of speed (-), while Level 2 refers to the 
higher level of speed (+). 

 

Testscheme Level 1 (-) Level 2 (+) 

v [mm/min] 50 500 

SAMPLE S01, S03, S05 S02, S04, S06 
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