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摘 要：研究变形量对挤压态钨合金动态力学行为的影响及钨合金绝热剪切带内的微观开裂行为。结果表明，加载方向垂直于纤维取

向时，随变形量由0增加至40.8%，挤压态钨合金绝热剪切敏感性显著增大：由对钨合金绝热剪切带内微观组织的SEM观察可知，靠近

绝热剪切带中心处出现在微裂纹且微裂纹萌生于W-M界面及W颗粒内部；进一步的TEM观察可知，剪切带内W-M界面处存在大量的

位错塞积，W颗粒中则出现亚晶内部及沿哑晶界扩展的微裂纹。
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the shear band should be responsible for the initiation of mi-

crocracks.

3 Conclusions

   1) Highly localized shear bands can be observed at the an-

gle of about 450 with respect to loading axis in the as-extruded

WHAs.

   2) The sensitivity to adiabatic shear banding exhibits a no-

tably increasing tendency with the increase in extrusion ratio

due to the rising flow stress.
  3) The microcracks occur along the shear stress direction

near the centre of the shear band and initiate at the interface of

W-M as well as the interior oftungsten.

   4) The dislocation pile-ups exist at the interface of W-M,

and microcracks propagate along the boundary and inside of

the subgrain in the interior oftungsten within the shear band.
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Adiabatic Shear Localization and Microcracks Initiation in

an Extruded Tungsten Heavy Alloy
Peng Lei,      Li Shukui,     Zhou Xiaoqing,     Cai Hongnian

Beijing Institute of Technology, Beijing 100081, China

      Abstract: The influence of extrusion deformation ratio on the dynamic mechanical behavior in a tungsten heavy alloy was

       investigated under uniaxial compression with loading direction perpendicular to the fiber orientation. With extrusion deformation

           ratio increasing from o t0 40.8%, the sensitivity of adiabatic shear banding shows an obviously rising tendency. Microcracks could

              be seen near the centre of the shear band and initiate at the interface of tungsten-matrix as well as the interior of tungsten. Moreover,

            the observation by the transmission electron microscopy reveals the dislocation pile-ups at the interface of tungsten-matrix and the

              presence of a microcrack propagating along the boundary and inside ofthe subgrain in the interior oftungsten within the shear band.
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  Adiabatic shear localization is often observed after large

plastic deformations in metals, polymers and powders. The

shear bands, as a form oflarge plastic deformation, are usually

the precursors to fracture['-4l. The adiabatic shear localization

is of critical importance in many applications including explo-

sive fragmentation, high-speed machining, and kinetic energy

penetrators. In particular, the kinetic energy penetrators made

of tungsten heavy alloys (WHAs) require that the materials

have good susceptibility of adiabatic shear banding to exhibit

"self-sharpening" behavior under high strain rates[5'6l. As a

result, a great deal of work has been done to investigate vari-

ables affecting the sensitivity of WHAs to shear localiza-

tionU-'l. We also have reported that the susceptibility of

WHAs processed by hydrostatic extrusion and torsion could

be influenced by the torsion deformation ratio, and the suscep-

tibility shows a rising tendency with the increase in torsion

deformation ratio['2l.

   Furthermore, it is generally assumed that the fracture in-

duced by the adiabatic shear localization might be the conse-

quence of the accumulation of microscopic damage involved

in adiabatic shear banding because of the large plastic defor-

mations within a bandl']. The microscopic damage related to

adiabatic shear band has been observed in U_2Mo[13l,

Ti_6Al_4V['4l, steels['5-'9], 8090 Al-Li alloy[20l, etc.

  However, no experimental information is currently avail-
able on extrusion ratio sensitivity of the adiabatic shear band-

ing in WHAs. Such information would be of considerable use
for the ductility of WHAs processed by extrusion and torsion

which could be determined by extrusion ratio at a given tor-

sion deformation ratio. And ductility is a key parameter for the

penetrator alloy. Moreover, the microscopic damage involved

in the adiabatic shear banding of WHAs still remains un-

known. This paper describes the investigation on the effect of

extrusion ratio on the sensitivity of the adiabatic shear local-

ization in a tungsten heavy alloy, and the observations of the

microscopic damage within the shear band are also reported.

1 Experlmentalprocedure

  In the present study, the initial material investigated was

liquid-phase sintered 93W-4.9Ni-2.lFe (mass fraction, %).

The as-sintered WHA rods were then deformed by hydrostatic

extrusion with different deformation ratios at room tempera-

ture. The specimens with various extrusion ratios were named

as specimen l, 2, 3 and 4, respectively, as shown in Table l.

Further details on preparation of the alloys can be found in

Zhang et atI2U.

  The uniaxial dynamic compression experiments were car-

ried out on the WHAs using a Split Hopkinson Pressure Bar
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Table l    Experimental parameters of hydrostatic extrusion

deformation

(SHPB). The loading direction perpendicular to the fiber ori-

entation was selected for the high sensitivity to adiabatic shear

banding[22l, which could be assumed to investigate the influ-

ence of extrusion ratio on the sensitivity to adiabatic shear

banding in axial specimens (loading direction parallel to the

fiber orientation) at the same torsional angle of 900. Cylindri-

cal specimens (5 mm in diameter  X 5 mm) were cut off from

the hydrostatic extrusion WHA rods by wire electrical dis-

charge machining with the 900 angle between the cylinder axis

and the extrusion direction. Two different speeds ofincident

bar were used to produce two different strain rates of about

3500 s-' and 400  s-' in specimens. The specimens tested un-

der SHPB were processed by standard sample preparation

techniques for the electron metallographic observations.
Scanning electron microscopy (SEM) and transmission elec-

tron microscopy (TEM) were then employed to reveal the

 plastic flow in the WHAs.

2   Results and DIscussion

2.1  Influence of extrusion deformation ratio on the

            sensitivity to adiabatic shear localization

  Fig. 1 displays the typical true stress-strain behavior of

various specimens obtained from repeated uniaxial dynamic

compression tests. Obviously, the flow stress increases with

 increasing of extrusion ratio due to the stronger strain harden-

ing. The stress-strain curves of as-extruded specimens show

almost the same trend, and the sofiening exhibits an apparent

rising tendency with increasing of extrusion ratio, while the

as-sintered specimen indicates evident strain hardening. Fur-

thermore, it should be pointed out that the stress unloading of

specimens l and 2 are due to the ending of pulse duration

without fracture, while the cracks at an angle of about 45。

with respect to loading direction result in the stress unloading

of specimens 3 and 4. The obvious flow sofiening and fracture

mode of the as-extruded specimens strongly suggest that the

shear localization probably occur during the uniaxial dynamic

compression tests.

  In order to examine the plastic flow in the WHAs, speci-

mens l, 2, 3 and 4 were sectioned along the compression axis,

ground, polished and etched. Fig.2a-2d shows the SEM im-

ages of the specimens after loading at the strain rate of about

4000 s". Uniform plastic deformation can be clearly seen in

the as-sintered specimen, as shown in Fig.2a; while the

Fig.l  True stress-strain curves ofthe WHAs with various extrusion

       ratios under uniaxial dynamic compression. The strain rate is

      about 4000 s-' and loading direction is perpendicular to the

         fiber orientation

Fig.2    SEM images of uniform plastic deformation in the as-sintered

          WHA and shear localization in the as-extruded WHAs under

         uniaxial dynamic compression. The arrow in (f) indicates the

            presence of the microcrack in the shear band: (a-d) specimen

           1-4. under the strain rate ofabout 4000s-'; (e-f) specimen 3-4.

                under the strain rate of about 3500 s-l

as-extruded specimens exhibit obvious shear localization: an

adiabatic shear band (ASB) at an angle of approximately 45。

relative to loading direction in specimen 2 (Fig. 2b) and the

fracture induced by shear localization adjacent to the fracture

surface in specimen 3 and 4 (Fig. 2c and 2d). The plastic flow

in specimen 3 and 4 which is not fractured at the lower strain

rate of about 3500 s-' can be also observed. Fig. 2e and 2f re-

veal the shear localization found in specimen 3 and 4 under

this condition and it is clearly observed that the width of the

ASB in specimen 4 (about 15-20 ym) is narrower than that in



specimen 3 (about 25-30}吼), implying the better sensitivity

to the adiabatic shear banding of specimen 4. The crack fol-

lowed by shear localization could even be seen near the centre

of ASB in specimen 4, as indicated by the arrow in Fig. 2f.

Combining Fig. 1 with Fig. 2, we can conclude that the sus-

ceptibility of hydrostatic extrusion WHAs to the adiabatic

shear banding increases with increasing of extrusion ratio

when loading direction is perpendicular to fiber orientation.

  The adiabatic temperature rise (AT) during the dynamic

loading can be calculated as:

AT=ppC一r7盯d占
    户C。

(1)

where fiis the Taylor-Quinney coefficient which characterizes

the portion of plastic work converted into heat, and p, CP, a, ef

represent density, specific heat, flow stress, true strain, respec-

tively. For specimens l-4, p, p and Cp are all the same. There-

fore, according to Eq.(l), the adiabatic temperature rise in the

specimens increases with increasing of extrusion ratio at a

given ef due to rising of盯.

   Because such a temperature rise could lead to considerable

flow sofiening in dynamic compression, the sensitivity of

adiabatic shear banding increases with rising of extrusion ra-
tio.

2.2   Microcracks initiation in shear band

   Fig. 3 illustrates the details of microscopic damage within

the shear band which is seen in Fig. 2f. As shown in Fig. 3a,

microcracks are parallel to the shear band and the width of the

shear band is uneven: near the crack tip, the width is about 15

 ym; apart from the crack zone, it has a width of about 20 ym.

On the other hand, the damage appears to be stronger when
nearer the center of the band. In one word, the crack zone un-

dergoes more severe plastic deformation. Thus, it can be as-

sumed that the large strain and stress concentration in the

shear band should be responsible for the formation of micro-

cracks. The close-up views ofthe microcracks are displayed in

Fig. 3b and 3c. From these micrographs, it could be found that

the microcracks initiate at the interface oftungsten (W)-matrix

(M) (indicated by the white arrows in Fig. 3b) as well as the

interior of tungsten (indicated by the black arrows in Fig. 3c).

In addition, the rotation and the distortion of the microcracks

resulting from severe shear could also be seen. The accumula-

tion of a large quantity of microcracks may result in the even-

tual fracture.

   Fig. 4 exhibits the TEM image of the interface between

tungsten and matrix in the shear band. The apparent disloca-

tion pile-ups could be seen at the interface. It can be assumed

that when deformation continues, the high flow stress induced

by dislocation pile-ups will exceed the W-M bonding strength

and finally make the microcrack initiation at the interface, as

mentioned in Fig. 3b. The interior of the tungsten within the

shear band can be observed in Fig. 5. The grains are elongated

to strips with the width of about 200 nm and tend to be aligned

Fig.3   SEM images of microcracks initiation within the shear band:

      (a) low magnification, (b) and (c) high magnification. The

       microcracks initiate at the interface of W-M shown as the

            white arrows in (b) and the interior of tungsten shown as the

           black arrows in (c)

Fig.4    TEM image of dislocation pile-ups at the interface of W-M in

           the shear band

Fig.5    TEM images of elongated subgrains and a microcrack (shown

         as the white arrows) in the interior of tungsten within the

     shear band: (a) subgrains and microcrack, (b) microcrack

         propagating along the boundary and (c) the inside ofthe sub-

 grain

along the shear stress direction. The other visible issue is the

presence of a microcrack which propagates along the bound-

ary (Fig. Sb) and the inside (Fig. Sc) of the subgrain. Due to

the high density of dislocations at the subgrain boundary, we

may infer that the microcrack first nucleates at the subgrain

boundary and then propagates into the interior of the subgrain.

Altogether, it might be anticipated that the large strain and the

stress concentration resulting from the dislocation pile-ups at

the interface of W-M and the subgrain boundary in W within


