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The electron-microscopic study of some fee metals and alloys in fatigue tests showed that under cer- 
tain conditions after alternating loading a mosaic structure arises [I]. The formation of such a structure 
improves the strength and plasticity of metals, and consequently has a large practical value. 

The purpose of the present work is to investigate the effect of low-frequency elastic vibrations on the 
dislocation structure and mechanical properties of molybdenum, chromium, and tungsten. 

For the generation of low-frequency vibrations of 50 eps we devised a method which allows us to ob- 
tain maximum amplitude of the a l t e rna t ings t ress  (up to,100 kg/mm 2) in a consol-bending configuration. Sam- 
ples of the investigated mater ia l s ,  cut out of 1-1.5 mm thick rolled sheets,  had the dimensions i • 5 • 55 
ram. Under uninterrupted cyclic loading the fatigue f rac ture  of the samples  occurred  after 103-104 cycles.  
The number of cycles p r io r  to f rac ture  depended both on the s t r e ss  amplitude and on the test ing t empera -  
ture .  The cycl ic  loading tes ts  were done in the 20-800~ t empera tu re  range. Because of this, the tes ts  
were ca r r i ed  out in vacuum (10 -4 mm Hg). In the console configuration the maximum bending momem,  
and consequently the maximum normal  s t r e s ses ,  act at the surface of the sample in a region of about 10 mm 
near the line separat ing the vibrating and fastened par ts  of the sample.  The deformed region was easily 
observable on the polished surface thanks to the large  number of slip l ines.  

The resul ts  of a mic rohardness  study of molybdenum samples as a function of s t r e s s  amplitude and 

duration and tempera tu re  (Tcl) of cyclic loading are shown in Fig. 1. The microhardness  of the surface  
layer  of molybdenum (after grinding to a depth of 20 t~) increases  with increas ing s t r ess  amplitude accord-  
ing to the curve of Fig. l a .  If the duration of cyclic loading inc reases  while the s t r e ss  amplitude is  kept 
constant (Fig. lb), a saturat ion takes place in the mic rohardness  after  exposure for 30sec.  

Let us consider  the curve of the mic rohardness  of a sample cyclical ly loaded at a s t r e ss  amplitude of 
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Fig. I. Dependence of the microhardness on the amplitude (a), duration 
(b), and temperature (c) of cyclic loading. 
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Fig. 2. Dislocation s t ruc ture  of MT grade 
molybdenum after recrys ta l l i z ing  anneal 
at 1400~ and cyclic loading at 400~ a) 
initial state; b, c) af ter  exposure for 15 
and 200 see, respect ively .  

70 kg /mm 2 for 30 see at var ious t empera tu res  (Fig. lc) .  The highest mic rohardness  is reg i s te red  in the 
samples  loaded at 400~ For  molybdenum this t empera tu re  range is charac te r ized  by the second stage of 
r ecove ry  with an activation energy of 1 eV [2]. The inc rease  of mic rohardness  in this range is probably 
due to a redis t r ibut ion of point defects vacancies  and interst i t ial  atoms) and the format ion of stable at-  
mospheres  around the dislocations.  

Figure 2 shows the e l ec t ron -mic roscop ic  image of MT grade molybdenum after  reerys ta l l iz ing  an- 
neal at 1400~ for 1 h and cycl ic  loading at 400~ with a s t ress  amplitude of 70 kg /mm 2 for various dura-  
t ions.  As is seen f rom Fig. 2b, c, there  is a reor ienta t ion of the mosaic  s t ruc ture .  With increas ing 
t ime of exposure the misor ienta t ion  o f  neighboring subgrains increases ,  and at the moment of fatigue 
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Fig. 3. Mosaic structure arising upon uninterrupted cyclic loading at 500~ a) 90 sec 
exposure; b) microcracks in the surface layer of a sample after cyclic loading in a simi- 
lar range. 

fracture it reaches a considerable value. The azimuthal misorientation of neighboring subgrains~ aecord- 
ing to microdiffraction data, amounts to 1-3 ~ The same order of magnitude is found for the misorienta- 
tion determined by the dark-field method in reflection perpendicular to the inclination axis of the go~iometer 
objective stand. The subgrain size is rather nonuniform and fluctuates in the 1.5-5 8 range. 

The investigation of the effect of temperature on the substructure formation showed that mosaic for- 
marion is observed in a wide temperature range -- from 200 to 800~ The most distinct subgrain bounda- 
ries were obtained after cyclic loading in the 400-500~ range. Above these temperatures the hardening 
processes evidently do not reach completion, and at the given deformation amplitude a distinct mosaic 
structure cannot always form. 

The structural changes upon increasing the duration of cyclic loading are qualitatively similar to the 
ones taking place under "hot" plastie deformation [3, 4]. Unfortunately, the formation of misoriented 
mosaic structure under cyclic loading usually takes place at deformation amplitudes and exposures suffi- 
cient for the formation of microcraeks (Fig. 3a). They are clearly visible in the surfaee layer on a pre- 
viously polished surface (Fig. 3b). This circumstance imposes a limitation on the possibility of further 
effective hardening upon uninterrupted cyclic loading. 

The results of static bending tests on the cyclically loaded samples showed that the hardening in- 
creases with increasing exposure (see Table I, samples 2-7). For comparison, the data of mechanical 
tests on rolled polycrystalline MT grade molybdenum are given in Table I. 

As is seen, after alternating loading for 15 sec the values of the strength parameters ~u and (r0. 2 are 
comparable with the hardening of molybdenum deformed to about G0% by rolling. Further ~reatmen~, in -~ 
eluding an intermediate anneal at 800~ for 1 h, electropolishing the surface layer in which microcraeks 

Fig. 4. Dislocation structure arising in molybdenum upon an intermediate anneal at 
800~ after a single (a) and three-fold (b) cyclic loading. 
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Fig. 5. Fractures on samples tested below the temperature Tx: a) initial state; b) after 
cyclic loading (~<300). 

are observed, and a second cyclic loading of the molybdenum sample resulted in a substantial hardening of 
the polycrystals. Similar hardening is observed only at deformation of e ~ 80-90%. At the same time the 
plasticity characteristics of the cyclically loaded molybdenum samples did not change substantially. This 
is seen from the values of the bending deflection given in Table i. The temperature of cold brittleness 
meanwhile decreases only by 15-20~ compared to the initial state, and with the appearance of microcracks 
it even increases. 

In the initial recrystallized state we observe a rather high density of carbide precipitates in the struc- 
ture of polycrystalline molybdenum (see" Fig. 2a). These are also observed after cyclic loading of the 
samples (see Figs. 2b and 3a). During the intermediate annealing up to 800~ the carbide phase is entirely 
dissolved (Figs. 4a, b). Thus, if the cyclic loading is accompanied by the formation of mosaic structure, 
and the annealing temperature is sufficiently high, the carbide phase is dissolved. The surplus carbon 
evidently segregates at the subgrain boundaries, 

It is well known [5] that upon deformation of dilute molybdenum alloys one also observes the disap- 
pearance of the segregated surplus carbides when the mosaic structure is formed. Conversely, when the 
annealing temperature is raised, the segregation of carbides is observed from the moment of the disap- 
pearance of the mosaic structure. 

In Fig. 5a, b typical f rac ture  surfaces  are shown for samples whichwere tested at room temperature ,  
i . e . ,  substantially below the tempera ture  of cold bri t t leness in the initial state as well as after cyclic loadingun- 
der conditions s imi lar  to those for sample 12 (see Table 1). In both cases  the bendingdeflection before f rac ture  
is small  (1.2-1.4 mm). While in the initial state the f racture  was pr imar i ly  in tergranular  (see Fig. 5a) after  cyc -  
lic loadingit  tookplace ac ross  the bulkof the grain (see Fig. 5b). 

The effect of elast ic  vibrat ion on the dislocation s t ruc ture  was also studied on chromium and tungsten 
samples,  which had undergone rec rys ta l l i z ing  anneals at 1200~ and 1800~ respect ively .  Thereaf ter  

Fig. 6. Mosaic s t ruc tu re  ar is ing in chromium (a) and tungsten (b) sample upon uninter-  
rupted cyclic loading for 15 sec.  
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they were cyclically loaded at a frequency of 50 cps in the console-bending config~iration until the appear- 
anee of the first microcracks on the polished surface. The temperature of cyclic loading was 400~ for 
chromium and 600~ for tungsten. 

As shown by the electron-microscopic studies (Figs. 6a, b), in this case too the deformation of the 
mosaic structure is observed. The microhardness of chromium samples increases from 130 to 160 kg 
/ram 2. The obtained data support the claim that mosaic formation is possible in principle in chromium and 
tungsten samples upon cyclic loading. 

Thus, alternating deformation at 50 eps at high temperatures leads to the formation of mosaic struc- 
ture in molybdenum, chromium, and tungsten. The misorientation of neighboring subgrains in samples 
tested up to the fatigue limit is comparable to that in deformed metals. The formation of strongly mis- 
oreinted mosaic structure leads to hardening which is comparable to what can be achieved by large plastic 
deformations. 

However, no substantial improvement of the low-temperature plasticity was observed upon cyclic 
loading by low-frequency vibrations in the range tested in the present work. The temperature of cold 
brittleness is lowered by 15-20~ and an insignificant increase of the bending deflection at room tempera- 
ture is observed. 

There  may  be s eve ra l  r ea sons  for  these  phenomena.  F i r s t  of all, the fo rmat ion  of rn i c roc racks ,  
which pe rhaps  a r e  not ent i re ly  r emoved  by e lec t ropol ishing and armealing, and worsen  the p las t ic  p r o p e r -  
t i es .  It has been  es tabl i shed for i ron  in [6] and in other  works [7-9] that the mosa ic  s t ruc tu re  a r i s e s  for 
l a rge  ampli tudes  and long exposures ,  c lose  to fatigue f r ac tu re .  At the s a m e  t ime  it was found that  fatigue 
damage  accumula tes  in the s t ruc tu re  a f te r  a per iod amounting to 1-2% of the s a m p l e ' s  l i fe t ime for  the given 
s t r e s s  ampli tude.  Secondly, the mos t  substant ia l  s t ruc tu ra l  changes in a l ternat ing bending a re  observed  
in a 0.1-0.2 m m  thick su r face  l ayer ,  while the s t ruc tu re  of the bulk of the s amp le  r ema ins  p rac t i ca l ly  un- 
changed. Thirdly,  during p las t ic  deformat ion  the re  is  a significant  change in the  shape of the initial  g ra in  
[5]. For  our method of cyclic  loading and at s t r e s s e s  of about 70 k g / m m  2 the s ize  and shape  of the ini t ial  
meta l lographic  g ra in  does not change significantly. 

CONCLUSIONS 

I. We have established that under the effect of elastic vibrations in molybdenum a mosaic structure 
arises with large angles of misorientation (3-5~ The mean subgrain size is about 2 ~. 

2. We determined that the formation of misoriented mosaic structure in molybdenum, chromium, 
and tungsten takes place upon cyclic loading with amplitudes and exposure times at which cracks due to 
fatigue appear. 

3. It was shown that the application of intermediate anneals up to 800~ and electrolytic polishing in 
order to remove the surface layer can substantially decrease the number of microcracks observed in the 
surface layer. 

4. It was shown that the hardening achieved in molybdenum by low-frequency cyclic loading is com- 
parable to the hardening that can be achieved by 90% plastic deformation in roiling. The yield stress of 
cyclically loaded samples amounts to 110-120 kg/mm 2 as compared to 50-60 kg/mm 2 in the.initial state. 
The transition temperature to cold brittleness is lowered by 20-30~ 

5. We have established that cyclic loading of molybdenum samples leads to a change of the charac- 
ter of brittle fracture. While in the initial, recrystallized state the fracture is primarily intergranular, 
after cyclic loading we observed transgranular fracture. 
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