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1 Shear band patterning and post-critical behavior in AISI 4340 steel

2 with different microstructure

3 Pedro Franco Navarro®, Po-Hsun Chiu™", Andrew Higgins™", Matthew Serge™, David J.

4 Benson™", and Vitali F. Nesterenko™"

6 “Department of Mechanical and Aerospace Engineering, University of California, San Diego,
7 P.O. Box 0411, 9500 Gilman Drive, La Jolla, CA, 92093,
8"Materials Science Graduate Program, University of California, San Diego, P.O. Box 0418, 9500
9 Gilman Drive, La Jolla, CA, 92093,
10  ""Department of Mechanical Engineering, McGill University, Quebec, Canada H3A 0C3,
11 ""Department of Structural Engineering, University of California, San Diego, P.O. Box 0418,
12 9500 Gilman Drive, La Jolla, CA, 92093,
13
14 Abstract: We explore the role of the microstructure of AISI 4340 steel with different values of
15microhardness (as-received and hardened) on shear band nucleation and post-critical behavior
16with well-developed pattern of shear bands. Critical and post-critical behavior was investigated
17with the help of the explosively-driven Thick-Walled Cylinder technique, which allowed
18comparative study of the material deformation at similar strain rates and final strains. It was
190observed that the collapsed as-received AISI 4340 samples were resilient to shear localization
20and propagation and mainly preserved its cylindrical geometry at the investigated small and
21larger global strains. The hardened specimens at the similar final global strains exhibited
22dramatically different behavior. At small strains, some well-developed shear bands were

23observed. Larger global strains were accommodated mostly by growth of the initially generated



24shear bands, resulting in the complete loss of cylindrical symmetry. Numerical simulations
25reproduced the main features observed in the experiments and the dramatic difference in
26behavior of as-received and hardened AISI 4340 steel. It is shown that the initial number of
27defects introduced in calculations as well as the material constants used for the material model
28have a direct effect on the pattern of shear bands.

29

301. Introduction

31

32 Shear localization is an important deformation and failure mechanism for materials that
33have been subjected to high strain rate deformation, e.g., high-velocity impact and penetration, in
34high-speed metal cutting, and during collapse of cylindrical cavities [1-5]. Shear bands have
35been extensively studied starting with the paper by Zener and Hollomon [6], which introduced
36adiabatic shear bands (ASBs). It was recently brought to light [7] that Tarnavskii in 1928 [8] and
37Davidenkov and Mirolubov in 1935 [9] gathered the first evidence of ASB in steels.

38 In this paper, we focus on the pattern of multiple shear bands in AIST 4340 steel (as
39received vs. hardened) using the Thick-Walled Cylinder (TWC) method. This post-critical
40behavior is important in many applications, it being responsible for the material’s ability to
41dissipate the mechanical energy due to viscoplastic deformation. The explosively-driven method
42was proposed by Nesterenko et al. [4, 10-16] to investigate spontaneous shear instability, patterns
430f shear bands in solid and granular materials, and buckling of laminates (inert and reactive). It
44also was used by other researchers [17,18] and later modifications of this method using

45electromagnetic drive [19-23], Hopkinson bar [24], and gas gun [25].
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46 Analytical approaches to describe the thickness and spacing of adiabatic shear bands have
47been developed starting with the paper by Grady and Kipp [26] and detailed explanations can be
48found in [2, 27-29]. Nevertheless, these models describe only qualitative results, and fail to
49recapture both length and spacing observed in experiments. Although results are in the same
50order of magnitude, they are off by a factor of 3-4 [21].

51 Numerical calculations were used to study formation and evolution of ASB and their
52emerging self-organized pattern in the geometry corresponding to the TWC test in different
53materials such as Cu, Ti, and AISI 304L in [19-21, 30-33]. The difference in these approaches
54lies in the failure criteria that give a positive feedback mechanism for the strain localization.
55These authors invoked energy or strain criteria [21-23] weakening the material and resulting in
56nucleation of a shear band. In [22] authors connected rapid development of localization in
57Ti6Al4V to dynamic recrystallization and delay in shear localization in CP-Titanium and in
58MgAMO5O0 to a significant twinning absent in Ti6Al4V. The highest number of shear bands in
59SS304L is attributed to both twinning and martensitic transformation being active.

60 In [31], the authors emphasized a need of defects to nucleate shear bands in their
61numerical approach. The interplay between the number of shear bands and its propagation is
62directly related to the initial defect distribution. In [32,33], the authors reproduced the nucleation
63of strain localization and generated a pattern of shear bands without the introduction of any
64defects in the materials or the meshes. The authors employed a temperature perturbation that
65helped break the homogeneity and cause localization.

66 AISI 4340 steel has unique properties and applications related to high strain rate
67deformation of penetrators and armor plates. Extensive research has been conducted to

68understand its response to shear band nucleation and propagation [34-36].
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69 The failure mechanism of AD95 ceramic/4340 steel composite armor during the impact
700f a tungsten projectile at velocity about 820 m/s was studied in [34]. Different failure modes
71corresponding to various target configurations were observed.

72 In [35], authors study penetration of ogive-nose steel projectiles made from 4340 (R. 45)
73on concrete targets. Projectiles had a speed of either 400 m/s or 1200 m/s. In experiments, it was
74shown that penetration depth increased with speed, but once data was normalized by length scale
75determined by the model of the authors, the data collapsed on a single curve.

76 Authors of [36] conduct a study of penetration in semi-infinite 4340 targets by tungsten-
77alloy projectiles at 1500 m/s. In this study, experimental results are compared to numerical
78simulations that use the Johnson-Cook material model; this is analogous to what is done in this
79work. Authors found that when the ratio of target diameter to projectile diameter is below 20
80target resistances rapidly decreases. With the use of simulations, authors found out that
81penetration increases when the region of plastic flow is close to the radial boundary of the target.
82 Numerous studies have focused on understanding the formation of multiple shear bands
83in the machining process of this steel at various cutting speeds, ranging from 100 m/min to 3000
84m/min [37-39]. The main interest of understanding shear band formation in the cutting process is
85related to the surface finish, which could greatly affect the performance of the finished part. It
86was found that, in general, cutting speeds as well as characteristics of the steel, like hardness,
87dictate chip formation. Specifically, in [37], the authors conducted a computational study using
88the Johnson-Cook material model with damage to simulate chip morphology. This approach is
89similar to what we present in the present paper.

90 The single shear band formation in AISI 4340 steel due to high velocity impact was

91linvestigated in papers [40-44]. Different techniques, like Hopkinson bar tests or expanding
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92cylinder tests, are used to produce strain rates in the range 10° — 10° s, without the control of the

93total global strains. It was concluded that initiation sites for the formation of shear bands

940ccurred at the interface of the carbide inclusions and the matrix. In [42], the authors used
95numerical calculations to reproduce adiabatic shear observed in experiments using a Hopkinson
96bar. Their simple criteria to predict the onset of instabilities is based on a maximum shear stress
97under a minimum critical shear strain rate. It proved to be capable of predicting the start of the
98instability, but not its evolution on the post critical stage.

99 The previous research has been focused on understanding the development of single
100shear bands through experiments and numerical simulations and understanding the mechanism of
101their formation and propagation in AIST 4340 steel. At the same time, in many applications a
102pattern of shear bands is generated, which determined the performance of the devices or quality
103of the machining. In this paper, we generated a pattern of shear bands in a plane strain controlled
104environment using the Thick-Walled Cylinder (TWC) method to understand the interplay and
105propagation of multiple shear bands in AIST 4340 steel under a controlled global strain. Two
106types of AISI 4340 steel with different initial microstructure were explosively driven with
107identical conditions of the dynamic deformation. These specimens had different mechanical
108properties (e.g., strength and ductility) due to a heat treatment described below. They had similar
109thermophysical properties (e.g., density, heat capacity and thermal conductivity), which
110favorably restricts the number of variable properties of the samples. Numerical simulations were
111conducted to understand the influence of the material mechanical properties on the generated
112pattern of self-organized shear bands. A different distribution of defects was introduced in the
113material to better replicate the experimental results.

114
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1152. Experimental procedure and results

116

117 Cylindrical samples were machined from the cold-drawn AISI 4340 steel rod processed
118by air melt (McMaster-Carr) and had an initial outer diameter (O.D.) of 17.02 mm, inner
119diameter (I.D.) of 12.07mm, and height of 20mm. They were used as inserts in the TWC method
120and were dynamically collapsed under plane strain conditions. The details of the method can be
121found in [14]. The explosive driver was a gelled nitromethane (96% nitromethane, 4% PMMA)
122diluted 5% by mass with glass microballoons. The same driver was used in [15] and [16] and
123allowed for the fine tuning of the explosive loading.

124 As-received AISI 4340 steel has proeutectoid ferrite and pearlite (alternating layers of
125ferrite and cementite). Some specimens were austenized at 845 °C, oil quenched and tempered at
126205 °C for two hours to increase its hardness. During the first austenizing stage of hardening, the
127steel was completely transformed to austenite. In the next stage, during fast oil-quenching, the
128steel was transformed to a martensite microstructure resulting in a very hard and brittle material.
129To enhance its ductility and toughness, tempering was carried out at 205 C to produce a
130tempered martensite structure, which consisted of thin precipitated platelet and spherical carbides
131limmersed in the tempered martensite lath matrix [45, 46]. The microstructure of as-received and

132hardened AISI 4340 steel are presented in Fig. 1.
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133

134Figure 1. The microstructure of as-received AISI 4340 (ferrite is white and pearlite is dark gray) - (a) and hardened

135AISI 4340 steel with martensite microstructure- (b).

136
137 The properties of the investigated steels are presented in Table 1. The microhardness of
138as-received and hardened AISI 4340 steel before testing was measured according to ASTM E92

139Standard. A LECO Model M400-H1 hardness tester with a diamond-shaped indenter was used

13
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140and a load of 500gf was applied on the samples for 15 seconds. After the heat treatment, the
141microhardness of AISI 4340 steel increased significantly from 2789+23 MPa to 5420+45 MPa.

142The ultimate tensile strength (a.), 0.2% yield strength (0.), elongation (6), true strain at fracture
143(&y), thermal conductivity at 100 °C (k), specific heat (S), plane-strain fracture toughness (Kic) are

144taken from [47], where corresponding properties of as-received and hardened AISI 4340 steel

145were reported.

146Table 1. Mechanical properties of as-received and hardened AISI 4340 steels [47]

Sample Type 2 Voo 8T g K7 s Ki¥ Microhardness
(MPa) (MPa) (%) (%) (W/m'K) (JkgK) (MPavm) (MPa)
as-received 745 470 22 21 42.7 475 110 2789+23
hardened 1980 1860 10 10 42.7 475 48 5420+45
147
148 The TWC experiments were conducted on the steel specimens with two different wall

149thicknesses of copper stopper tubes: 1 and 0.5 mm. These stopper tubes were collapsed into rods
150with different diameters; tubes with 1 mm wall thickness resulted in a “small global strain” and
151tubes with 0.5 mm wall thickness produced a “large global strain” in the samples. Strains were
152calculated assuming the global cylindrical symmetry of the deformation and using the initial
153radii (ro) and final radii (ry) of the corresponding points per equation (1), and the results are

154shown in Table 2,

2
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157Table 2 Final diameters of the AISI 4340 samples, which have identical initial O.D. (17.02 mm) and I.D.

158(12.07mm), and the corresponding effective strains (&).

15 8
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Final O.D. Final L.D. Eett Eetf
(mm) (mm) (on the inner surface)  (on the outer surface)

as-received 14.22 7 63 0.53, sta.rt of shear 0.1

(small €) localization
as-received 13.44 6.05* 0.80, slight grow or 0.27

(large €) shear localization

hardened " 0.56, developed shear

(small €) 14.11 742 bands pattern 0.22

hardened 13.36 5 86 0.83, fragmentation 0.28

(large €) of the sample

159* Estimated values used initial and final radii of copper stopper tube based on mass conservation.

160

161

162as-received AISI 4340 samples corresponding to small (Fig. 2(a)) and large (Fig. 2(b)) global

163strains. It is clear that the global cylindrical symmetry of the specimens was preserved and thus
164global strains in the inner surfaces of the collapsed samples are computed: &= 0.53, for the case
1650f small global strain, and &= 0.80 for the large global strain. The small-diameter hole in the

166center of the collapsed copper stopper corresponds to the axial jetting removing only small

167amounts of the copper, which was verified by comparison of the final diameter of the copper

168stopper tube in experiments and based on mass conservation.

17
18

Images of the samples after tests are presented on Figs. 2-7. Figure 2 presents the case of



170Figure 2. Pictures of the collapsed AISI 4340 samples (as-received) at a different strain in the inner surface: (a)

17 1strain 0.53, initial wall thickness of the copper stopper tube 1 mm and (b) strain 0.80, initial wall thickness of the
172copper stopper tube 0.5 mm.

173

174 100um

175Figure 3. Pattern of nucleating shear bands in the vicinity of the contact with copper stopper tube in collapsed AISI

1764340 (as-received) samples at different values of strain in the inner surface: (a) strain 0.53, initial wall thickness of
177the copper stopper tube 1 mm and (b) strain 0.80, initial wall thickness of the copper stopper tube 0.5 mm.

178
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179 A pattern of nucleated shear bands can be observed in the case of small global strain (Fig.
1802(a) and 3(a)). In the case of larger global strain (Fig. 2(b) and 3(b)), the pattern of longer shear

181bands has developed closer to the inner surface of the sample. Thus, a reasonable estimate of the

182nucleation strain for the formation of shear band patterns in as-received AISI 4340 steel is &=
1830.53. This value is close the strain value of 0.5, sufficient to induce a shear instability in pearlitic
184A1SI 4340 steel in dynamic punch-impact tests at an average strain rate of 18,000 s [48]. It
185seems that the spacing along the inner radius between nucleated shear bands is smaller in the
186sample with smaller global strain (about 200pm, Fig. 3(a)) compared to the spacing between
187longer shear bands (with lengths >100pum) in the sample with larger global strain (about 300pm,
188Fig. 3(b)). This behavior is similar to that observed in AISI 304 steel, where the development of
189some shear bands arrests the growth of others due to unloading [13]. In both collapsed samples,
190no catastrophic failure occurred.

191 The dramatically different behavior of the hardened AISI 4340 steel is presented in Fig.

1924.

193 e
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194Figure 4. Pictures of the collapsed AIST 4340 samples (hardened) at a different strain in the inner surface: (a) strain

1950.56, initial wall thickness of a copper stopper tube 1 mm and (b) collapse steel sample corresponding to the initial
196wall thickness of a copper stopper tube 0.5 mm.

197

198 At both tests with different wall thickness of copper stopper tubes (used to generate
199different global strains), well-developed shear bands are evident. From Fig. 4 it is possible to
200conclude that the difference in microstructure and change of the mechanical properties resulted
201in the creation and propagation of shear bands throughout the entire steel sample. As a result, the
202symmetry of the collapsed steel samples has been lost and catastrophic failure of the steel
203specimen happened. Still, the collapsed sample at small strains in Fig. 4 (a) mostly preserved a
204cylindrical symmetry and thus Eq. 1 can be used to estimate the global strains in the inner
205surface of the sample as &= 0.56, which can be considered as being close to the nucleation
206strain for the formation of shear bands in hardened AISI 4340. But comparison between Figs. 2a,

2073a, and 4a demonstrate that critical strain for shear band propagation is smaller in hardened AISI

2084340.
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209 20
210Figure 5. Microstructures of the collapsed AISI 4340 (hardened) sample with strain 0.56 in the inner surface (initial
211wall thickness of the stopper copper tube 1 mm). Just nucleated and well-developed shear bands are presented in (a);
212a white-etched nucleated shear band without microcrack is shown in (b). Bifurcated shear band developed probably
213due to the weak interface between inclusions and the matrix, is shown in (c). The coalescence of microcracks into

214macrocrack in a white-etching band is shown in (d).

215 Microstructures of the collapsed AIST 4340 (hardened) samples are shown in Figs 5 and
2166. White-etching or transformed bands were revealed by etching with 2% nital. A just nucleated
217shear band without microcrack and a well-developed, partially cracked and bifurcated shear band
218are shown in Fig. 5 (a). A larger magnification of the former is presented in Fig. 5(b) and

219segments of developed shear bands are shown in Figs. 5(c) and (d). The bifurcation of the shear

25 13
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220band presented in Fig. 5(c) seems due to its interaction with the weak interface between the
221linclusion and the surrounding matrix. Several microcracks inside a white-etching band were
2220bserved in Fig. 5(d), which can be precursors for macrocracks. We can also observe the
223microcrack present between segments of white-etching band (Fig. 6), which was probably

224originated from an initially transformed segment of shear band.

225 [100um

226Figure 6. Microstructures of bifurcated shear band split into two transformed shear bands and later into crack, at
227different magnifications in the collapsed hardened AISI 4340 sample at strain in the inner surface 0.83 (initial wall

228thickness of the copper stopper tube 0.5 mm). Sample was etched with 2% nital.

229 In tests with as-received AISI 4340 only deformed shear bands were observed (Fig. 7)
230and in hardened AISI 4340 steel showed the segments of transformed (white-etching) bands
231presented in Fig. 5 and 6, corresponding to different global strains in tests with the wall thickness
2320f the copper stopper tube equal to 1 and 0.5 mm. A controlled heating and cooling process of
2334340 steel was used to change the microstructure and obtain higher strength and lower ductility.
234During this treatment the martensite phase transformation was completed before TWC tests. It is
235possible that inside well developed shear bands initial martensite phase was transformed to

236austenite due to localized heating and returned back to martensite with much smaller grain sizes

27 14
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237than in initial material due to subsequent fast quenching. This resulted in a white transformed
238shear bands with different appearance than the surrounding martensite matrix.

239 The dependence of the types of shear bands on steel microstructure was observed in [49],
240where white-etching shear bands were only found in quenched and quenched-and-tempered steel.

241

242 _‘-’wﬂ_urr; R R g e S

243Figure 7. Shear bands in the collapsed AISI 4340 (as-received) sample etched with 2% natal at different values of
244strain in the inner surface: (a) strain 0.53, initial wall thickness of the copper stopper tube 1 mm and (b) strain 0.80,

245initial wall thickness of the copper stopper tube 0.5 mm.

246

247 We can observe microcracking inside shear band in the area adjacent to the copper
248stopper tube (Fig. 7), which probably initiated at the interface between matrix and inclusions,
249extending into deformed shear bands.

250 The microstructure of the shear bands in Fig. 5 suggests that the propagation mechanism
2510f shear bands in the hardened AISI 4340 sample is related to the interfacial microcracking
252between the inclusions and matrix similar to [50, 51] (the authors of [51] mentioned that voids
253are nucleated at the interface of large MnS inclusions and matrix, which then nucleated a sheet of

254voids on the much smaller cementite particles between the large voids formed at the MnS

29 15
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255particles). Coalescence of voids and microcracks at the interfaces between the inclusions and
256matrix in the shear band can result in void sheet formation [50, 51]. A similar mechanism is
257probably responsible for the propagation of shear bands and their bifurcation as well as a zig zag
258shape of bifurcated shear band in hardened AIST 4340 steel (Fig. 5(c)).

259 The authors of [52] emphasized that the presence of hard particles or secondary
260precipitates in the ferrite matrix of steel facilitates the occurrence of ASBs. In comparison to
261pearlitic steels of similar hardness, martensitic steels have a greater tendency to form localized
262shear bands [53]. Different mechanical properties, owed to different microstructures (pearlite or
263martensite, concentration and shape of cementite inclusion) of as-received and hardened AISI

2644340, are responsible for their different behavior in our experiments.

265 We can speculate that the difference in post-critical behavior of as-received and hardened
266AI1SI 4340 steel results from the difference in dissipation of mechanical energy in the bulk of the
267samples. In the latter case, global strains are accommodated mostly by the pattern of shear bands
268with low shear strength inside the bands resulting in reduced dissipation. This may explain a
269larger area of the central melt in the collapsed copper stopper tube caused by the concentration of
270kinetic energy of collapsing tube and axial micro jetting (compare Fig. 2 and Fig. 4).

271 It is interesting that spontaneous shear bands developed in hardened AISI 4340 created
272the forced shear bands in the copper stopper tube, evident in Fig. 4(b). In general, copper is very

273resistant to spontaneous shear localization due to its low strength and high heat conductivity.

2743. Numerical Calculations

275
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276 Numerical calculations were performed using LS-DYNA with the Johnson-Cook [54]
277material model coupled with the Mie-Griineisen equation of state. In the Johnson-Cook material

278model, the flow stress is given by:

279
é&
280 1+clnc(1—’T ) @)
o,=(A+Be™)i
281
282In this model, A , B , ¢ n , and M are model constants, €’ is the effective

283plastic strain, and € is the normalized effective total strain-rate. The action of the explosive

284was modeled using a pressure boundary condition similar to [21,30] that collapses the central

285cavity in about 10 ps. To capture damage, we used the approach presented in [54]:

286

287 D=2 % ,

288 3)

289

290where A€ s the increment of equivalent plastic strain during an integration cycle and ¢! is

291the equivalent strain at fracture, when D =1, fracture occurs and the element is eroded. The

292general expression for the strain at fracture is given by:

293
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D
[0 41+D,exp D;6°][1+D, In€'|[1+ D, T*]

294 , 4
e'=¢

295

296with ¢ =Ploy , i.e., pressure divided by the effective stress, and D, — Ds are experimentally

297determined parameters [54].

298

299 The geometry used in the numerical calculations is similar to the experimental set up and
300it is shown in Fig. 8(a). As mentioned before, we use a pressure boundary condition (Fig. 8(b)) to
301replace the explosive used in the experiments; a separate calculation with the Jones-Wilkins-Lee
302equation of state for the explosive was made to assure a good reproduction of the experimental
303conditions. The process of the collapse of the steel sample was driven to the same outer radius of

304the samples as observed in the experiments. The mesh size used in the numerical calculations of
305the collapse of the AISI 4340 steel sample (shown in red in Fig. 8(a)) was about 10 um, for the
306copper stopper (inner blue circle), and the mesh size was about 15-20 wm and for the copper
307driver (outer blue circle) about 50 um. This mesh size was selected to approximate correctly the
308characteristic size of shear bands observed in the experiments. All the numerical calculations

309were executed in plane strain conditions that correspond to the experimental conditions.

310
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312Figure 8. (a) Geometry of the Thick-Walled Cylinder method (b) Pressure dependence on time corresponding to the

313boundary conditions used in numerical calculations.

314
315 The mechanical properties of AISI 4340 steel and copper were taken from [54,55], for
316both cases, the reference strain rate is 1 s™'. It is important to remark that the constants used in the

317Johnson-Cook model are selected to fit experimental stress-strain curves at different strain rates

318and temperatures.

319
320 Table 3. Material parameters for Johnson-Cook material model [54,55].
A [MPa] B [MPa] n C m
AISI 4340 792 510 0.26 1.4x107 1.03
4340 Hardened 2100 1750 0.65 2.8x10° 0.75
Copper 90 292 0.31 2.5x107 1.09
Density Elastic Modulus  Poisson’s Ratio Specific Heat Melting Temp
[kg/m’] [GPa] [J/kgK] [K]
AIST 4340 7830 207 0.29 477 1793
4340 Hardened 7830 207 0.29 477 1793
Copper 8960 124 0.34 383 1356
D1 D2 D3 D4 D5
AISI 4340 0.05 3.44 -2.12 0.002 0.61
4340 Hardened 0.05 3.44 -2.12 0.002 0.61
Copper 0.54 4.89 -3.03 0.014 1.12
321
322 At first, simulations were conducted with nominal material properties corresponding to

323AISI 4340 and no defects were introduced. The result presented in Fig. 9 corresponds to a

37 19
38



324uniform collapse of the steel specimen without the initiation of shear localization, even though

325the model had softening mechanisms related to the thermal softening and damage accumulation.

326The same uniform collapse was observed for hardened AIST 4340.

327
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328

329Figure 9. Collapsed AISI 4340 steel cylinder at (a) small global strain (1 mm wall thickness copper stopper) and (b)

330large global strain (0.5 mm wall thickness copper stopper). The colors on right correspond to different level of

331effective plastic strains.

332 Figure 9 shows that the inner surface was naturally subjected to the highest level of strain

333with the width of the heavily deformed zone increasing with decrease of the final diameter.
334 The TWC test was designed in a way wherein the massive copper driver tube collapses
335the samples having different strengths with a similar strain rate. To illustrate, this point we a
336conducted numerical calculation of the collapse process with different strength of the samples.

337Figure 10 shows the total velocity of the inner surface of the collapsing samples for AISI 4340

338and for hardened AISI 4340.

339
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341 Figure 10. Total velocity of inner surface in numerical simulations of steel specimen on Thick-Walled Cylinder

342 experiment of AISI 4340 (blue line) and heat treated 4340 (red line)
343
344 It is clear that the dynamics of collapse of these two samples with dramatically different

345strength are practically identical in the geometry of the TWC test.

346

3473.1 Influence of the Number of Defects on Shear localization and Post-Critical Behavior of AISI
3484340

349

350 The results of the numerical calculations demonstrate that high strain plastic flow, even
351with a softening mechanism incorporated, does not result in shear instability (Fig. 9) contrary to
352the experimental observations (Figs. 3-7). It should be mentioned that steel samples do have a
353significant number of inclusions (Figs. 5-7) whose interfaces with the surrounding matrix are

354potential sites for microcracking serving as a softening mechanism essential for shear
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355localization [50,51]. This mechanism should be taken into account to explain the observed
356phenomena of shear instability and the pattern of shear bands.

357 It has been shown that the “defects” introduced in the numerical calculations have a
358direct effect on the number of nucleated and evolved shear bands in the steel specimen
359corresponding to the TWC experimental set up [31]. The authors of this paper found that smaller
360scatter of material properties effectively increases the number of generated shear bands, but their
361length decreased. Thus, the interplay of material imperfections and instabilities plays a critical
362role in the final pattern of shear bands.

363 To explore the role of initial defects on nucleation and propagation of shear bands, we
364performed calculations corresponding to collapsed AIST 4340 samples with nominal properties
365(Table 3) in the majority of mesh elements and variable percentages (5%, 2.5%, 1.5%, and 0.5%)

3660f mesh elements that have a different initial yield strength scaled by the nominal yield strength:

367

368 “r” 9P ©)
369

370 The “defects” are randomly distributed through the steel specimen and the scaling factor

N(0.1,0.0025|

371 P follows the following normal distribution , the first number corresponds

372to the mean value of the scaling factor and the second to the square of the standard deviation.
373The purpose of these calculations was to determine which “defect” content is sufficient to
374describe the patterns of shear bands observed in our experiments. The selected mean value of the
375scaling factor ensured that the results of numerical calculations were close to the experimentally
3760bserved patterns of shear bands. Figure 11 presents the results of these calculations.
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379Figure 11. Fringe plots of effective plastic strain in the collapsed AISI 4340 samples with nominal properties in the
380majority of mesh elements and variable percentages (a) - 5%; (b) - 2.5%; (c) - 1.5%; and (d) - 0.5% of mesh
381elements with a different initial yield strength scaled by the nominal yield strength. Data correspond to large global

382strain (the test with 0.5-mm-wall copper stopper tube), outer diameter in all figures is 13.44 mm. “Defects” are

383randomly distributed through the specimen and follow a normal distribution N (0‘1’ 0.0025)
384 From the presented results, it is clear that the number of “defects” introduced in the
385calculations directly related to the number of nucleated shear bands and the length of the evolved

386shear bands.
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387 Figure 11(a), with 5% of mesh elements with “defects” shows a large number of shear
388bands that have evolved in the specimen in both clockwise and counter clockwise direction,
389which is contrary to what is observed in the experiments where a dominant direction is exhibited.
390 Similarly, with 2.5% and 1.5% of “defects” (Fig. 11(b) and 11(c)), one cannot observe a
391dominant direction of shear band propagation and the number of shear bands is obviously greater
392then was observed in experiments.

393 The case with 0.5% “defects” present shear bands with significantly smaller lengths than
394in previous cases shown in Fig. 11(a)-(c). In Fig. 11(d), the developed shear bands only go
395through about one third of the specimen and we can see much of the localization contained
396within this area. In the other cases, Fig. 11(a)-(c), we can see how shear bands propagate more
397than half way through the specimen or all the way to the outer surface. We consider that the case
398with 0.5% “defects” is the closest to the observed experimental behavior of AISI 4340 (Fig. 2(b))

399 It is important to emphasize that symmetrically-nucleated shear bands propagating in

400both directions at 45 ° to radius lose symmetry while they propagate, with some of the shear
401bands developing faster, , which in turn blocks shear band propagation normal to these.

402 We conduct numerical calculations at two different strain levels of collapsed samples by
403using different wall thickness of copper stopper tubes, 0.5 mm and 1mm. The results of these
404calculations are presented in Fig. 12. Copper is simulated defect-free (it is resistant to shear
405localization at these strains) while defects are introduced in 0.5% of the elements in AISI 4340
406steel to initiate the localization process (Section 3.2).

407
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409Figure 12. Fringe plot of the effective plastic strain in AISI 4340 Steel with (a) 1 mm and (b) 0.5 mm wall thickness
410of copper stopper tube corresponding to similar outer diameter of samples to experiments (see Table 2), percentage

4110f elements with the scaled strength 0.5%. Outer diameter in (a) is 14.22 mm and in (b) 13.44 mm.

412

413 Figures 12(a) and 12(b) represent the results of numerical calculations that correspond to
414similar outer diameters to those observed in experiments (Table 2). These figures should be
415compared to the pattern of nucleated shear bands in the experiments shown in Fig. 2. In the case
4160f 1 mm wall thickness copper stopper tube (Fig. 2(a) vs Fig. 12(a)), the final outer diameter of
417steel sample in the experiments (14.22 mm) corresponds to a final inner diameter of 7.75 mm in
418our calculations. The measured inner diameter results in an equivalent effective strain of 0.208;
419%this effective strain is close to the effective strain found in experiments of 0.21. The distance
420between shear bands that can be identified in the specimen in the numerical calculations, denoted
421by red zones in Fig. 12(a), are in the range 1 - 1.1 mm.

422 For the case of 0.5 mm wall thickness of copper stopper tube (Fig. 2(b) vs. Fig. 12(b)),
423the final diameter in experiments is 13.44 mm (Table 2), which corresponds to the final inner

424diameter in calculations 5.991 mm. This inner diameter is related to an effective strain of 0.2744
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425compared to 0.27 from the experiments. In this case, the well-established shear bands (the ones
426that have reached a quarter of the specimen) are spaced about 0.75 mm apart. The decrease of
427spacing is due to the reduced radius of the inner surface of the sample and not related to the
428increase of the number of shear bands. In numerical calculations, we see that some shear bands
429are developing faster as we observe in experiments (Fig. 2(b)).

430 In these numerical calculations, no clear preferential direction of the bands has been
431observed. Shear bands nucleated in both counter and clockwise directions, but some of the shear
432bands stop growing once they interact with each other.

433
4343.2 Shear localization and Post Critical Behavior of Heat Treated AISI 4340

435

436 The patterns of shear bands in AISI 4340 and in the hardened AISI 4340 in the
437experiments were dramatically different at similar strain and strain rates. The heat treatment
438significantly changed the microstructure and steel properties. In our numerical calculations, we
439used experimentally identified material constants in the Johnson-Cook model for hardened AISI
4404340 [53]. We retained percentage of defects equal 0.5%, which resulted in good agreement with
441the observed experimental behavior of AISI 4340 (Fig. 2(b)). This allowed us to minimize the
442number of variable initial properties of the samples, focusing instead on the role of material
443constants on the pattern of shear bands.

444 It is important to notice, that the damage constants D1-D5 (which determine the deletion
4450f elements) were selected the same for both steels. In a separate set of numerical calculations
446we explored the case with the values of these constants being half, double and four times larger
447than used in this paper. It resulted in no significant changes of shear bands pattern, other than

448]ess or more accentuation of the shear bands. In the numerical model, these constants are used to
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449estimate the damage on each element and to trigger their erosion (deletion), but this won’t
450effectively cause major changes of the location of the bands. This reinforces the fact that the
451bands are mainly dictated by the initial number and location of defects.

452 Figure 13 show the fringe plot of the plastic strain for the case of small global strains (1
453mm wall thickness of the copper stopper tube) at different times.

454

455
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456Figure 13. Fringe plot of the effective plastic strain on hardened 4340 Steel (percentage of defects 0.5%) with 1 mm
457wall copper stopper tube at different stages of collapse (a) 5 us (b) 7.88 us (same effective strain as Fig. 12(b)) (c)

45810 ps. Outer diameters in (a) 15.71 mm, in (b) 14.22 mm and in (c) 13.28 mm.

459 It is clear from the comparison of Figs. 12 and 13, that changing material properties
460resulted in the dramatic change of shear band patterns in the numerical calculations (compare
461Fig. 12 (a) and Fig. 13 (b)) taken at the similar inner diameters of the samples.

462 We also observe that changes in the shear band pattern in the numerical calculations for
463hardened samples are similar to those observed in experiments (compare Fig. 13 and Fig. 4(a)).
464But in numerical calculations shear bands propagating through the whole sample have been
465formed more uniformly through the sample bulk in both directions compared to the ones
4660bserved in the experiment. The possible explanation can be a slight asymmetry of the collapse
467in experiments and fast growth of individual shear bands that arrest development of more
468symmetric shear band patterns that are observed in numerical calculations.

469 If we measure the spacing between bands considering the bands that have reached or
470almost reached the outer surface in Fig. 12(b) and Fig. 13(b), we obtain a spacing approximately
471equal to 1.1 mm. The main difference between AISI 4340 as-received vs. hardened specimen was
4720bserved in their post-critical behavior. The results of numerical calculations coincide with
473catastrophic failure observed in experiments (compare Fig. 13 and Fig. 4(a)). It should be
474mentioned that Figs. 13(c) and 14(c) correspond to the final stage of the simulation, the boundary

475conditions were imposed such that the complete collapse of the specimen would take about 10
476s.
477 Figure 14 presents the case of large global strain (0.5 mm wall thickness copper stopper),

478which corresponds to experimental results depicted in Fig. 4(b). The number and location of the
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479initial defects introduced in the calculations are identical to the ones corresponding to the smaller
480global strain (Fig. 12(b)).

481
: a)
% : c)

482

483Figure 14. Fringe plot of the effective plastic strain on hardened 4340 Steel (0.5% defects) with 0.5 mm wall copper

0.25

484stopper tube at different times (a) 5 ys (b) 8.74 us (same effective strain as Fig. 10(b)) (c) 10 ps. Outer diameters in

485(a) 15.58 mm, in (b) 13.44 mm and in (c) 12.7 mm.
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486 As in the case of the small global strain, the number of observed shear bands is larger
487than observed in the experiments. The number of shear bands formed at earlier stages are similar
488to the number of shear bands in the later stages. Thus, initially created shear bands are able to
489accommodate the global shear strains without generation of additional shear bands (Fig. 13 vs.
490Fig. 14). This means that shear bands formed at small strains dominate the final stage of collapse
491and post-critical behavior similar to observed for other materials in [21]. At the same time, some
492shear bands in the numerical calculations propagated faster, arresting development of the
493neighboring shear bands and breaking a symmetric pattern on the earlier stages of collapse (Fig.
49414 (b)). It is important to remark that even if shear bands resulted in fracture, no preferential
495direction of the shear bands can be observed.

496 In experiments (Fig. 4) and in numerical simulations (Figs. 13, 14), corresponding to the
497hardened 4340 steel, a secondary bands were observed on the post critical stage of sample
498deformation probably due to violent bending of dislodged material pieces between original shear
499bands. The fact that we observed it only in hardened 4340 is probably due to its lower ductility
500than in as received 4340 and in other investigated ductile materials e.g., in [13, 20-22]. The
501generation of additional damage due to bending on post critical stages of collapsing SiC
502cylinders with pattern of shear band was reported in paper [56].

503

504

5054. — Conclusions
506
507 The role of the initial microstructure, resulting in different microhardness and ductility on

508shear band patterning in AISI 4340 steel in the plane strain geometry of the TWC method was
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509%investigated at practically identical conditions of dynamic deformation. It was observed that the
510initial hardening dramatically changes the nucleation and pattern of developed shear bands in the
511post-critical stage in AISI 4340 steel, mostly due to the change of material properties. The
512softening mechanism in both materials is probably caused by microcracking at interfaces of
513inclusions with the matrix. The hardening due to heat treatment of 4340 steel results in the
514dramatic difference in the pattern of shear bands because initial stage of their nucleation is
515sensitive to material properties. A well-developed pattern of shear bands results in the reduced
516ability to dissipate energy on post critical stages of high strain deformation due to low shear
517strength within them. Numerical modeling in the framework of the Johnson-Cook model with
518damage incorporating the random distribution of initial defects (by randomly scaling of initial
519yield strength in some elements) reproduced most qualitative features of the shear band
520patterning and its change with variation of the initial properties of materials. It is important that
521the material parameters of both steels were taken from independent experiments. The only fitting
522variable was the initial concentration of defects randomly distributed through the steel specimens
523modeled by mesh elements having a different initial yield strength scaled by the nominal yield

524strength.

525 The presented models verified in the experiments can be used to describe post-critical
526behavior of AISI 4340 steel with different initial microstructures at other dynamic conditions of

527loading, e.g., in target or penetrator deformation and fragmentation or in machining.

528
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