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1. Introduction 

I n  accord with the  work plans f o r t h i s  report  period, construction and 

i n i t i a l  check-out of the gun a t  Bat te l le  Memorial I n s t i t u t e  has been com- 

pleted,  

ready f o r  t h e  room-temperature f i r i n g s  specif ied f o r t h e  experiment; specimens 

of tantalum a re  i n  the f i n a l  stage of preparation. 

Impact specimens of zinc and Armco i ron  have been prepared and a r e  

Specimens f o r  determin- 

a t ion of tbe s t a t i c  t e n s i l e  strength of these metals and spechens  fo r  dete'r- 

mination o f t h e  speed of sound both i n  these metals and i n  the s t e e l  of which 

the  s t e e l  spheres were fabricated a r e  a l so  e s sen t i a l ly  ready f o r  use. 

A review of one-dimensional e l a s t i c  wave theory has been carr ied out i n  

an e f fo r t  t o  determine the physical significance of t h e  fac tor  of difference 

between eqs ( 2 )  and ( 5 )  of Quarter ly  Progress Report No. 1. 

A deta i led  discussion of these top ics  i s  given below. 

2. Experimental Work 7 

The description o f t h e  s ingle  impact gun given i n  Quarter ly  Progress Re- 

port  No. l w a s  f o r  the device as  it was first conceived. A description of  

modifications which have been made i n  the gun, submitted by M r .  E.G.Bodine of 

Bat te l le  Memorial In s t i t u t e ,  follows. 

2,l Completion and Preliminary Test of t h e  Gun - ---- 
A s ingle  impact, helium-driven gas giun capable of accelerating 3/32-inch- 

and 5/3  2-inch-diameter s t e e l  spheres t o  ve loc i t i e s  i n  exeess of 

has been designed and constructed. 

1000 f t / sec  

1. unique feature  of the gun is t h a t  it w i l l  

allow specimens t o  be heated and tes ted  i n  vacuum; t h i s  fea ture  of the gun will 

minimize oxidation o f t h e  heated metal impact specimens. 

the  preliminary drawings, several  modifications and improvements i n  the design 

of t h e  gun have been made. 

gun v e r t i c a l l y  instead of horizontally and ( 2 )  redesign the furnace t o  allow 

Since completion of 

The pr incipal  changes made were t o  (1) orient  t he  

alignment of the specimen i n  a more straight-forward manner than had been in-  

i t i a l l y  conceived. The reasons fo r  making these  changes follow. 

1, 



Operation of t he  gun i n  a v e r t i c a l  l i n e  will eliminate the problem of 

correcting t h e  posi t ion and tilt angle of the  specimen impact face t o  ac- 

count f o r  the parabolic t ra jec tory  of t h e  steel spheres. For example, i n  

the horizontal  configuration, the off-axis adjustment i n  the  specimen re- 

quired f o r  the lower p ro jec t i l e  ve loc i t i e s  becomes equal t o  t h e  radius  of t he  

pro jec t i le .  See Table 1. I n  addition, the posi t ion of the photosensing de- 

vices must 'also be adjusted or t h e i r  aperature must be opened t o  accommodate 

the  e q e c t e d  var ia t ions i n  the p ro jec t i l e  f l i g h t  path. Since changes i n  the 

posi t ion of the photosensors i s  not desirable, the gun was constructed i n  the 

v e r t i c a l  configuration. 

t o  the t r u e  ax i s  of the gun. Photographs of the apparatus with the .furnace 

removed are shown i n  Figures 1 and 2. 

The f l i g h t  path a t  a l l  ve loc i t i e s  will now correspond 

Table 1 

Vert ical  Correction from Optical Axis a t  Various Pro jec t i le  Veloci t ies  f o r  

Horizontal G u n  Axis 

Velocity, Vo ?Time of Free Flight, t W V e r t i c a l  Correction, S 

f t /sec sec inches 

1000 

500 

200 

100 

50 

0.003 

0.006 

0 * 015 

0.030 

0.060 

0 e 0001 

0 0006 

0.0036 

0 . 0145 
0.0580 

For a f r e e  f l i g h t  distance of  3.05 f t .  
w 
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The second major modification involved changes i n  t h e  furnace and i n  t h e  

I n  the  preliminary gun design, t h e  specimen holder was t o  be specimen holder. 

adjustable  so tha t  t h e  specimen could be aligned with t h e  ax i s  of t h e  gun 

while a t  temperature. 

b e t t e r  scheme would involve moving t h e  e n t i r e  furnace r a the r  than just the  

specimen holder. 

through t h e  vacuum b a r r i e r  could be avoided. 

ment as constructed provides freedom of motion i n  t h e  horizontal  plane a s  w e l l  

as  tilt adjustment t o  assure perpendicular impact, 

t he  necessary motion of t h e  furnace without reducing t h e  qua l i ty  of the 

vacuum seal.  

After fu r the r  consideration, it became obvious tha t  a 

I n  t h i s  way, t h e  necessi ty  f o r  making mechanical adjustments 

The modified furnace arrange- 

A m e t a l  bellows allows 

Although the  modifications j u s t  described w i l l  r e su l t  i n  an improvement 

i n  operation, they have caused an unavoidable delay i n  the  f i n a l  check-out o f '  

t h e  gun. A t  present, t he  apparatus i s  i n  operation without the furnace, Room- 

temperature f i r i n g s  t o  check out components not associated with t h e  furnace 

a r e  being made and a number of small problems have been iden t i f i ed  and correct-  

ed. 

i t s  pro jec t i le  re lease  cha rac t e r i s t i c s  on impact with t h e  sabot catcher. I n  

addition, t h e  mater-bal of t h e  sabot catcher has been changed from a high impact 

p l a s t i c  t o  6061-T6 

ve loc i ty  caused by accumulative deformation of t h e  impacted surface. 

sensing devices with response times b e t t e r  than those of so l id  s t a t e  photo-duo- 

diodes have been obtained (RCA 935 vacuum photo-diodes) and t h e  necessary elec- 

t ron ic  c i r c u i t r y  f o r  t h e i r  operation has been constructed. 

from the  manufacturer's data sheets  for t h e  vacuum photo-diode i s  

seconds whereas f o r  the so l id  s t a t e  photo-duo-diode i t  i s  

The use of vacuum photo-diodes w i l l  reduce t h e  uncertainty i n  ve loc i ty  measure- 

ments e s sen t i a l ly  t o  the l e v e l  of t h e  uncertainty i n  t h e  measurement of 

For example, a chnnpe i n  the  design of t he  sabot has been made t o  improve 

aluminum a l loy  t o  reduce t h e  var ia t ion  i n  p r o j e c t i l e  

Photo- 

The response time 
-9 0,6 x 10 

1.0 x lom6 seconds. 



posit ion.  - 

Two problems are  s t i l l  receiving at tent ion.  The first involves va r i -  

a t ions  i n  p r o j e c t i l e  ve loc i tye  It is  thought t h a t  these var ia t ions  are asso- 

c ia ted  with var ia t ions  i n  operating time of the solenoid gas valve. 

valve allows high pressure gas t o  enter t h e  gun breech and small va r i a t ions  

i n  i ts  operating t i m  will r e s u l t  i n  var ia t ion  i n  the p r o j e c t i l e  veloci ty ,  

A more reproducible e l e c t r i c  valve i s  being sought., 

p is ton valve of t h e  type used i n  h@ervelocity light-gas'guns have been r e -  

T h i s  

Plans f o r  a fas t -act ing 

quested from A i r  Force Special  Weapons Center, 

rupture  disk valve has been ordered with a wide range of associated rupture  

disks. 

I n  addition, a precis ion 

- 
Further tests will be  made t o  i s o l a t e  the  causes of p ro jec t i l e  ve loc i ty  

va r i a t ions  and an appropriate valve system wi l l  then be  selected,  

The second problem s t i l l  receiving a t ten t ion  has t o  do with the  o p t i c a l -  

alignment of t h e  specimen, 

it became obvious t h a t  t h e  impact face of these specimens could not be counted 

On receiving the  electropolished zinc specimens, 

upon t o  r e f l e c t  enough l i g h t  f o r  t h e  collimation scheme which was t o  be em- 

ployed, 

i s  being considered, 

An a l t e rna te  scheme, which involves a t h i n  quartz f i r s t - sur face  mirror, 

It has the disadvantage t h a t  a t e s t  f i r i n g  could not  be 

p e r f o m d  without first removing t h e  quartz alignment mirror,  

temperature would be impract ical  i n  this s i tua t ion ,  Other a l te rna t ives ,  such 

Alignment a t  

a s  alignment from the  r e a r  surface, w i l l  be explored, 

2,2 Machining - o f  Specimens 

Twenty specimens f o r  steel-sphere f i r ings ,  two t e n s i l e  specimens f o r  

determination of s t a t i c  y ie ld  s t rength,  and one specimen f o r  determination 

of i n f i n i t e  medium sound speed were machined from each of the  three metals 

t h a t  have been received t o  da t e  f o r  use i n  the  experiment, These metals a r e  



zinc, Armco i ron,  and tantalum. I n  addition, a specimen t o  be  used f o r  deter-  

mination of i n f i n i t e  medium sound speed was machined from an end of round bar  

stock of AIS1 52100 chrome a l loy  s teel  which has the same composition as  t ha t  

of t h e  s teel  spheres t o  be  used i n  t h e  f i r i ngs .  

2,3 S t a t e  of the Metals Selected f o r  Test --- --- 
A t  tbe suggestion of Dr. J.W.Semme1, Jr,, manager of SPPS Materials and 

Processes, and of D r .  Ceci l  G, Dum of General E lec t r i c  Research Laboratory, 

Schenectady, N.Y., t h e  c r i t e r i o n  adopted f o r  annealing conditions t o  be used 

f o r  t h e  metals was a compromise between two requirements, These requirements 

a re  tha t  t h e  maximum amount of cold work should be removed from the metals 

and t h a t  the grain s i z e  should be maintained as  small as possible. 

The first requirement i s  d ic ta ted  by t h e  need t o  tes t  t he  metal i n  i t s  

most cha rac t e r i s t i c  s t rength s t a t e .  

f a c t o r i l y  by ' r ec rys t a l l i za t ion  alone. 

This requirement can be f u l f i l l e d  s a t i s -  

Most of the work i n  a metal i s  removed 

by r ec rys t a l l i za t ion ;  a f t e r  r ec rys t a l l i za t ion  i s  complete there  i s  e s sen t i a l ly  

only an increase i n  grain size.  

The second requirement i s  d i c t a t ed  by the  f a c t  tha t ,  i f  the grain s i z e  

i s  la rge  i n  comparison with t h e  size of t h e  impinging spheres, s c a t t e r  may be 

introduced i n t o  t h e  crater-depth data. Sca t te r  i s  t o  be expected i f  t h e  grain 

s i z e  i s  l a rge  i n  comparison with t h e  sphere s i z e  because t a rge t  areas  covered 

by some impacts may l i e  wholly within s ingle  grains  whereas t h o s e  covered by 

other impacts may extend across one o r  more grain boundaries. 

Because grain s i z e  s t a r t s  t o  increase a s  soon a s  r ec rys t a l l i za t ion  i s  

complete, t he  desired annealing conditions a re  those tha t  w i l l  produce maxi- 

mum r ec rys t a l l i za t ion  with minimum grain growth. Preliminary studies,  which 

were car r ied  out  t o  determine the optimum processing conditions f o r  t h e  

5. 



specimens of each of t h e  three metals t h a t  have been received f o r  use i n  t h e  

experiment a re  described below. 

2.4 Specimens of High-Purity Zinc - - 
Composition - and Processing History of t h e  Metal 

The metal, which was purchased from Calex Corporation a t  Campbell, O,, 

consisted of, round rod having a diameter of 1.25 inch. The metal supplied 

was from one heat ,  

i s  high; it i s  99.997 pexcent. i inc,  The major impuri t ies  are: lead, 0.001 per  

cent; cadmium, 0.0005 per  cent;  and i ron,  0,0015 per cent. 

The pu r i ty  of t h i s  metal, as  reported by M r ,  John Stavich, 

The metal was cas t  and then extruded as  rod. 

S t a t e  o f  thd Metal i n  a Machined Specimen 
II_ _- _u --- - - -- 

Impact test  specimens cut from t h i s  rod were r i g h t  c i r cu la r  cyl inders  

having diameter 1,000 -I- - 0.016 inch and length 0.500 2 0.016 inch. The impact 

face  of t h e  specimens was ground t o  a 15 rms microinch f i n i s h  i n  the machine 

shop. A study was car r ied  out by M r .  L.B.Enge1 of SPPS Physical Metallurgy 

and M r .  H.J.Bauer of SPPS Metallography t o  determine t h e  s t a t e  of t h e  metal 

from the  surf  ac e inward, 

An X-ray d i f f r ac t ion  pa t te rn  was obtained of t h e  as-ground surface of 

one specimen selected f o r t h e  study. Layers 0,003 and 0,025 inch i n  thickness 

were then successively removed with use of d i l u t e  hydrochloric acid. An X-ray 

d i f f r ac t ion  pa t te rn  of t h e  newly exposed surface was obtained a f t e r  each layer  

removal using s u f f i c i e n t l y  la rge  values of t h e  d i f f r ac t ion  angle, 2 8 , t o  

insure de tec t ion  of any l i n e  broadening or  l i n e  s h i f t .  

i n  Table 2. 

The r e s u l t s  a r e  given 

Comparison of t he  data i n  Table 2 f o r  t h e  as-ground surface with the  

ASW powder data  f o r  zinc shows t h a t  the 

a l l  of  t h e  r e f l ec t ions  are  present. 

d-spacings a r e  i n  good agreement and 

The differences i n  r e l a t i v e  i n t e n s i t i e s  
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ind ica te  a preferred or ien ta t ion  i n  t h e  surface layer ,  Metallographic examin- 

a t ion  revealed equiaxed grains  of s i z e  approximately equivalent t o  ASTM No, 6; 

t h e  equiaxed character  of t h e  grains  suggests t h a t  the  metal i n  t h e  surface 

layer  r ec rys t a l l i zed  as  a r e s u l t  of heating during t h e  surface grinding oper- 

ation. 

For t h e  surface exposed a f t e r  removal of a 0,003-inch layer  of metal, 

non-uniforrq i n t e n s i t i e s  and missing r e f l ec t ions  i n  t h e  data of Table 2 i nd ica t e  

a preferred or ien ta t ion  and possibly a l a rge  grain s ize ,  

ina t ion  revealed equiaxed gra ins  of s i ze  approximately equivalent t o  ASTM No, 2; 

t h e  equiaxed character of these grains  i n  conjunction with t h e i r  large s i z e  

suggests t h a t  t h i s  metal  annealed a t  a temperature i n  excess of i t s  recrys ta l -  

l i z a t i o n  temperature a t  t h e  time t h a t  the zinc rod was extruded. The d-spacings 

of t h e  observed r e f l ec t ions  a re  again i n  good agreement with the  ASTM powder 

da ta  f o r  zinc. 

Metallographic exam- 

Because t h e  data  of Table 2 f o r  the surfaces tha t  were exposed a f t e r  re- 

moval of a 

inch layer  of metal a r e  s imilar ,  i t  was concluded t h a t  a preferred or ien ta t ion  

does exist i n  the zinc rod and t h a t  t he  depth of the  surface layer  of recrys ta l -  

l i zed  metal was less than 

face layer  of  r ec rys t a l l i zed  metal can be  expected t o  vary from specimen t o  

specimen depending on t h e  extent of surface grinding received. 

The e f f ec t  t ha t  thermal treatment might have was invest igated by heat 

0.003-inch layer  of metal and a f t e r  removal of an addi t ional  0,025- 

0,003 inch on t h i s  specimen. The depth of t h e  sur- 

t r ea t ing  the  specimen a f t e r  t he  sur face  metal had been removed t o  a t o t a l  d q t h  

of 0.028 inch. The specimen was heated a t  35OoF f o r  one hour and an X-ray 

d i f f rac t ion  pa t te rn  was then obtained. 

Table 2),  which i s  indica t ive  of uniform s t ra in ,  and no s igni f icant  changes i n  

Because there  i s  no l i n e  s h i f t  (see 

line width (see Figure 3 ) ,  which a r e  ind ica t ive  of non-uniform s t r a in ,  it was 

8. 



concluded t h a t  holding the specimen a t  

no e f f ec t  on i t ,  

3!5’OoF f o r  one hour had e s sen t i a l ly  

It was decided t o  remove t h e  surface layer  of r ec rys t a l l i zed  metal 

from the rcmaining zinc specimens t h a t  had been prepared fo r  use as t a r g e t s  

i n  t h e  steel-sphere-impact experiment , The 0,003-inch and 0,025-inch 

layers  of metal had been removed from t h e  specimen selected f o r  preliminary 

study with use  of d i l u t e  hydrochloric acid. 

been used t o  remove t h e  layer  of r ec rys t a l l i zed  metal from the  remaining 

specimens. 

face p i t s  were considered t o  be objectionable i n  specimens t o  be used i n  an 

impact study. The e f f e c t  of a combination of metallographic grinding and 

electropolishing on removing t h e  small-grained surface layer  was, therefore,  

evaluated . 

This method of removal could have 

However, t h e  acid treatment appeared to  p i t  t h e  surface and sur- 

Because t h e  (11.4) r e f l ec t ion  observed i n  the as-ground surface was 

found t o  disappear upon removal of the sur face  layer,  t h e  in t ens i ty  of t h i s  

r e f l ec t ion  was used as  an ind ica tor  t o  assess t h e  effect iveness  of grinding 

and electropol ishing on removing t h e  surface layer .  

d i s to r t ion  t h a t  resu l ted  from various grinding techniques was determined and 

the  following grinding procedure was adopted, 0,005 t o  

0,010 inch from t h e  specimen on a water-cooled, 380-rpm, 600-grit ( s i l i c o n  

carbide) wheel; Step 2, grind f o r  one hour on a 55-rpm wheel covered with 

nylon c lo th  containing 

The minimum amount of 

Step 1, remove from 

1!5’-,D diamond paste  and using a 200-gram load, 

The effect iveness  of each s t e p  i n  removing t h e  surface layer  i s  shown 

15-,& diamond (Step 2) appears t o  i n  Figure bo 

have removed t h e  surface layer  a s  evidenced by t h e  disappearance of t h e  (11.4) 

ref lect ion,  some surface d i s to r t ion  was indicated by l i n e  broadening and an 

i n t e n s i t y  s h i f t  i n  t h e  (2100) r e f l ec t ion ,  This d i s t o r t i o n  i s  considered t o  

Although the  grinding with 

9 .  



be the  res idua l  e f f ec t  of t h e  grinding with 

by electropol ishing i n  an air-agi ta ted,  20 per cent aqueous potassium hydroxide 

solut ion for  t en  minutes a t  a current dens i ty  of 16 amp/dm2 a t  room tem- 

perature using a copper cathode. 

1s-P diamond. It was removed 

See Figure 5, 
The f i n a l  surface f i n i s h  was considered adequate and the remaining 

twenty zinc impact specimens were 

These specimens have been forwarded t o  M r .  E.G.Bodine a t  Ba t t e l l e  Memorial 

I n s t i t u t e  f o r  use i n  the f i r ings .  

prepared with use of the technique described, 

The t e n s i l e  specimens of zinc a r e  i n  process of  being f in i shed  i n  a 

s imilar  way.  It was considered preferable not t o  e lectropol ish t h e  contact 

surfaces o f t h e  specimen made f o r  determination of i n f i n i t e  medium sound speed. 

2.5 Specimens of Armco I ron  

Composition and Processing History of --- t h e  Metal 

I---- 

- -  - 
The metal, which was purchased from Lapham Hickey S tee l  a t  Chicago, Ill., 

was cold drawn Armco magnetic ingot iron. 

66080) and was supplied a s  one round rod having diameter 1.0000 0.0075 inch, 

The metal was from one heat (810~ 

The c e r t i f i e d  tes t  repor t  submitted by the  vendor ind ica tes  t h a t  the 

following elements could be present i n  t h e  specif ied amounts: 

per cent; manganese, O.Os4 per cent;  phosphorus, 0.006 per cent; sulfur ,  0.011 

carbon, 0.025 

per cent; s i l i con ,  t race ;  and copper, 0.062 per  cent. 

ance i s  i ron,  t he  i r o n  content i s  99,842 per cent. 

Presuming tha t  t he  bal-  

For a fu r the r  check on t h e  p u r i t y  of t h i s  metal, it was subjected t o  

N S L spectroscopic survey. copper, 

0.049 per cent; manganese, 0.003 per cent;  cobalt, less than 0,005 per cent. 

The following elements were found i n  less than 0,001 per cent: silver, alumi- 

The major impuri t ies  were found t o  be: 

num, magnesium, nickel,  chromium, vanadium, s i l i con ,  zirconium, sodium, t i n ,  

10 



potassium, li’ehium, and molybdenum. The following elements were looked f o r  

and not detected: arsenic,  boron, bismuth, calcium, columbium, cadmium, 

lead, antimony, strontium, barium, titanium, tungsten, and zinc. Carbon was 

determined separately by M r .  Harold Bradley of SPPS Chemistry and Physics 

using high temperature combustion followed by a conductimetric determination 

of carbon dioxide, 80 Resul ts  obtained f o r  two specimens of t h e  metal were 

and 85 ppm, respectively,  

On t h e  bas i s  of t h e  separate determination of carbon and of t h e  spec- 

troscopic r e s u l t s  f o r  manganese, cobal t  and copper i n  conjunction with t h e  

c e r t i f i e d  tes t  r e s u l t s  f o r  phosphorus and sulfur ,  t h e  i ron  content i s  

per cent presuming t h a t  t h e  balance i s  i ron .  

99*918 

The reported processing h is tory  of  t h e  rod was a s  follows: hot and 

cold worked t o  a diameter of 1.25 inch; annealed; cold drawn t o  a diameter 
- 

of 1 inch. Data on the  as-received condition of t h e  metal a r e  as  follows: 

s t ructure ,  cold worked; grain s ize ,  approximately ASTM No. 5 t o  No. 6. 

Po li shing 

Impact t es t  specimens cut from t h e  i r o n  rod were r i g h t  c i r cu la r  cyl in-  

ders  having diameter 1.000 ?; 0.016 inch and length 0,500 2 0.016 inch. The 

impact f ace  o f t h e  specimens was ground t o  a r m s  microinch f i n i s h  i n  tb 

machine shop,.. 

15 

The impact f ace  of each specimen t o  be used i n  the  t e s t  f i r i n g s  was 

then given a high pol i sh  by Mr. H.J.Bauer of SPPS Metallography. 

ing procedure, car r ied  out on a S t ruers  mover and variable-speed wheel using 

a 500-gram load a t  100 rpm, was a s  follows: Step 1, four  hours on nylon c lo th  

with 

diamond paste; Step 3, four  hours on polytech Pre-PS c lo th  with 

The polish- 

45-/c” diamond paste; Step 2, t h ree  hours on nylon c lo th  with 6-,.u 
O.l-,U diamond 

11. 



paste. 

Heat Treatment - 
A study t o  determine the  tempmature and time required t o  produce max- 

i m u m  r ec rys t a l l i za t ion  with minimum grain growth i n  this metal was carr ied 

out by Mr. W.F.Zimmerman, manager of SPPS Ceramic Materials, i n  conjunction 

with Mr. D.S.Engleby. 

t o  

a fibrous s t ructure .  

tained when a specimen of t h e  metal was heated f o r  t h r e e  hours a t  1750?F, 

It was found tha t  heating a t  temperatures from 1100 

1550°F f o r  one hour reduced the hardness of t he  metal but l e f t  i t  with 

Recrystal l izat ion t o  a fine-grained s t ruc ture  was ob- 

which i s  above the  alpha-to-gamma transformation temperature, 

A11 of t h e  i ron  specimens ( t h e  polished impact specimens, two t e n s i l e  

specimens, and a specimen f o r  determination of i n f i n i t e  medium sound speed) 

were then heat t rea ted  i n  a Brew-type laboratory furnace a t  175OoF i n  a vacuum 

of 6 x lom6 mm mercu?y'i'or three hours and furnace eooled, 

of the heat t r ea t ed  specimens, a s  determined by micro-examination a t  a magni- 

The grain s i z e  

f i ca t ion  of 

heat t rea ted  specimens was found t o  be Br ine l l  7Q (equivalent) which i s  lower 

than t h e  r e p o r t e d v  hardness of f u l l y  annealed ingot iron. 

lOO,X, was a uniform ASTM No, 4 t o  No, 5 ,  The'hardness of the 

2.6 Specimens - of Tantalum 

Composition and Processing History of t h e  Metal - --- 
The metal, which was purchased from Union Carbide Corporation a t  

Kokomo, Ind,, was Haynes tantalum of ASTM specif icat ion B-365-62T. The 

metal was from one heat (Noa 814wI.1 and was supplied as one piece of round 

rod having a diameter of 1.0000 2 0,0075 inch, 

The c e r t i f i e d  report  of chemical analysis  l ists  t h e  following elements 

i n  the  amounts 

0.01 per cent; 

specified: tungsten, less than 0,Ol per cent; iron, l e s s  than 

carbon, 0,001 per cent; s i l icon,  less than 0.01 per cent; 
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nickel,  less than 0.005 per cent; columbium, 0.10 per  cent; titanium, less 

than 0.01 per cent; oxygen, 0,0077 per cent; hydrogen, O,OOO3 per  cent; 

nitrogen, 0.0012 per cent; balance tantalum. 

t h e  metal  supplied i s  a t  l e a s t  

On t h e  b a s i s  of this analysis, 

99,845 per cent tantalum. 

The reported processing h is tory  i s  a 96 per  cent reduction i n  area. 

The as-received condition of the metal was a s  follows: s t ructure ,  cold 

worked; hardness, 81,2 DPH. 

Polishing 

Impact test specimens cut  from the  tantalum rod were r i g h t  c i r cu la r  

cyl inders  having diameter 

The i m p z t  f ace  of t h e  specimens was ground t o  a 

1.000 2 0,016 inch and length 0,500 ;t 0.016 inch. 

15 rms microinch f i n i s h  

i n  the  machine shop, 

The impact face of each specimen t o  be used i n  the tes t  f i r i n g s  was 

given a metallographic pol i sh  by Mr. H,J.Bauer of SPPS Metallography,, The 

polishing procedure, car r ied  out on a S t ruers  mover and variable-speed wheel 

using a 503-gram load a t  100 rpm, was as  follows: 

c lo th  with 

c lo th  with 0,05-,u alumina i n  '30 per cent hydrogen peroxide. 

Heat Treatment 

Step 1, four hours on nylon 

45-/4 diamond paste; Step 2, twenty minutes on polytech Supreme 

- 
A study t o  determine the  temperature and time required t o  produce max- 

i m u m  r ec rys t a l l i za t ion  with m i n i m u m  grain growth i n  t h i s  metal  has been i n i -  

t i a t e d  by Mr, W.F.Zimmerman, manager of SPPS Ceramic Materials, i n  conjunction 

with M r .  D.S.Engleby, 

laboratory furnace a t  2100'F and i n  a vacuum of 6 x lom6 mm mercury f o r  one 

Furnace cooling a f t e r  heat  treatment i n  a Brew-type 

hour has been found t o  produce 90 t o  95 per cent r ec rys t a l l i za t ion  with 

a grain s i z e  of ASTM No, 3 t o  No,, 5 and a hardness of 49 DPH. Further study 

of  t h e  heat treatment of t h i s  metal i s  i n  progress t o  improve t h e  extent of 

recrys ta l l iza t ion .  
13. 



3, Theoretical  Considerations 

I n  Quarterly Progress Report No, 1, it was pointed out t ha t  t he  equation 

f o r  denting ve loc i ty  tha t  bes t  describes the  experimental data  can be wr i t ten  

Here E' 

material ,  c i s  the ve loc i ty  of  sound i n  i n f i n i t e  medium, and z is  acoustic 

impedance ( z  = c p where p i s  densi ty) .  

i s  taken t o  be t h e  dynamic compressive y ie ld  s t rength of t he  t a r g e t  

It was fu r the r  pointed out t h a t  on t h e  b a s i s  of one-dimensional e l a s t i c -  

wave theory, i t  was thought t h a t  denting ve loc i ty  should be given by 

where k i s  a numerical constant. The f ac to r  of difference between eqs (1) 

and ( 2 )  i s  ( zc  / Z ~ C ' ) ~ ~  I n  a search f o r  t h e  physical significance of t h i s  

factor ,  t he  fundamental concepts of  one-dimensional elastic-wave theory re- 

l a t i n g  t o  t h e  simple case of t h e  impact of two  so l id  rods with f l a t  ends was 

1 

reviewed, 

3 . 1  Elas t i c  Wave Theory Applied t o  the Impact of Rods -- -- 
A f a i r l y  general case of the impact of r o d s  i s  tha t  two rods of d i f f e r -  

ent  materials,  each having a ve loc i ty  of  i t s  own, approach and col l ide.  

In te r face  Boundary Conditions 

L e t  rods R and R', composed of mater ia ls  M and M' and moving 

a t  ve loc i t i e s  TI and T I ,  respectively,  where V - TT1 > 0, approach and 

col l ide.  

a t  the impact interface,  begin to  move through each of t h e  rods\ / f  If a very 

short  time in te rva l ,  At,  

A s  soon as co l l i s ion  occurs, waves of compression, which o r ig ina t e  
2 

associated with the in s t an t  of impact i s  



considered, t h e  amounts of mater ia l  of each rod t h a t  a re  t raversed by t h e  

respect ive compressional waves are  extremely small and i t  can be  assumed 

t h a t  i n  t h i s  short  time the re  i s  no gain o r  l o s s  of momentum. 

The dis tances  t h a t  t h e  compressional waves, which or ig ina te  a t  t h e  im- 

pact in te r face ,  move i n t o  t h e  rods i n  the short  time At are- c A t  and 

c' A t ,  respectively.  

f o r  t h e  case t h a t  c > c ' ,  V > V',  and rods R and R '  a r e  moving 

along t h e  x-axis. 

The s i tua t ion  i s  shown diagrammatically i n  Figure 6 

Figure 60 Impact of Two Rods 

Two boundary conditions must be met a t  the  impact in te r face ,  F i r s t ,  i n  

order t h a t  the bars simply remain i n  contact without one bar penetrating the  

othes o r  one bar  receding from t h e  other,  the  mater ia l  traversed by the  com- 

pressional  waves i n i t i a t e d  i n  each rod must have the  same ve loc i ty  ( a  common 

veloci ty) .  

traversed by t h e  respec t ive  compress.iona1 waves must be equal because t h e  

Secondly, t h e  compressive force i n  the  mater ia l  of each rod 

equation f o r  one-dimensional longi tudinal  elastic-wave motion i s  based on a 



balance of force  across an element of a rod, 

boundary condition i s  t h a t  t h e r e  i s  no pressure difference across t h e  impact 

The r e s u l t  of  %he second 

in te r face .  

Veloci t ies  

L e t  t h e  common veloci ty ,  required by t h e  first boundary condition, be 

To simplify t h e  mathematical equations, l e t  t h e  rods each be cyl in-  tf . 
d r i c a l  and of unit  cross-sectional area. Conservation of momentum during t h e  

short  time, At ,  requires  t h a t  

Dividing eq (3) by A t and solving f o r  t h e  common ve loc i ty  If produces 

The common ve loc i ty  given by eq (4) i s  equivalent t o  t h a t  found by Saint-  

Venant f who increased t h e  genera l i ty  of the case by considering rods with 

d i f f e ren t  cross-sectional a reasI  

The case i n  which one of t he  rods  i s  a t  r e s t  a t  the time t h a t  impact 

occurs i s  less general. If rod R f  i s  chosen t o  be the  rod a t  rest, then 

from conservation of momentum, 

and 
r/ = c p v  / ( C P  + C ' p )  = z v  / ( 2  + 2% ( 6) 

Knowing the  common ve loc i ty  Lf, 
pressed zones, v and V I ,  which are l o s t  by rod R and gained by rod R ' ,  

t he  p a r t i c l e  velocit ie 's  i n  t h e  com- 

respectively,  a s  a r e s u l t  of t h e  impact, can b e  determined. 
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v - v = J = (zv 4- Z'V') / (z 4- .zq 

v = 21 (v - v1) / ( 2  + 21) (7)  

Similarly,  

V' 4- v' = 1/ = (zv + Z'V') / (a 4- 2') 

For the  l e s s  general  case, i n  which rod R' i s  a t  rest when t h e  impact 

occurs, 

V I  = t/ = a V / ( z + z z ' )  

and v - v  = L/ = Z V / ( Z + Z ' )  

Stresses  

With t h e  rods aligned along t h e  x-axis a s  i n  Figure 6, un i t  shortenings 

a u / a x  and a u t / a x  a r e  associated with t h e  t o t a l  shortenings, u and u l ,  

due t o  compression i n  the two rods, respectively,  According t o  the  second 

boundary condition imposed, the compressive force i n  t h e  compressed sect ion 

of rod R i s  equal t o  the compressive fo rce  i n  the  compressed sect ion of 

rod R'.  

sec t iona l  area, A, Young's modulus, Y, and the  u n i t  e l o n g a t i o n y i t  follows 

t h a t  

Because the  compressive force i s  given by t h e  product of t h e  cross- 

A Y ( a u / a x )  = A' Y t  ( a u ' / d x ) .  ( 11) 

Because t h e  u n i t  shortening, &/ax, i s  given b Y \ J  4 

3 u / d x  = v/c, 
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and because f o r  a rod, 

t he  compressive force  per u n i t  area, o r  compressive pressure , i n  the  com- 

pressed zone of rod R i s  (e2 p /c) [zl ( V  - Vt) / ( z  + z l )  ] , and, with 

use of eq ( 9 )  , 

cT= 2 z' (v  - T T ' )  / ( z  + z ' )  = 2' z (v - V I >  / ( z  + 2') = C'. ( 14) 

For t h e  less general case, i n  which rod R'  i s  a t  rest when the  impact occurs, 

0 - =  Z Z ' V  

3.2 Application of One-Dimensional Elastic-Wave I_ Theory - t o  Denting Velocity -- 
The in te rcept  velocity,  V i s  t h e  ve loc i ty  below which no dent i s  pro- i' 

duced i n  a s o l i d  t a rge t  as  a resu l t  of being s t ruck by another mass ( l i qu id  o r  

so l id) .  It i s  the  threshold ve loc i ty  f o r  which the  s t r a i n  energy i n  the  elas- 

t i c  wave generated i n  t h e  s o l i d  t a rge t  mater ia l  is equal t o  but does not exceed 

t h e  energy per u n i t  volume t h a t  the t a rge t  s o l i d  can accept without p l a s t i c  flqw. 

The s t r a i n  energy of deformation i n  t h e  e l a s t i c  wave i s  given by\?/ t he  

quotient (rf2 / 2 Y' The s t r a i n  energy i n  the so l id  a t  t h e  y i e ld  s t r e s s  

is st $' /2, where sub-y refers t o  

6 and t h e  condition f o r  t h e  threshold 

2 I. 2' vi / ( z  + Z 9 - J  (1 / 2Y') = 

the y i e l d  point e Using eq (15') f o r  

ve loc i ty  given above, 

r' E' /2. 
Y Y  

Multiplying eq (16) by 2 and subs t i tu t ing  eq (12) f o r  t h e  un i t  shortening, 
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I , produces t h e  expression 
Y 

d ( v '  / c t )  . 
Y 

[1z 2' v. / ( 2  + 21) 1' (l/Y') = 
1 

For the  threshold condition, the  p a r t i c l e  veloci ty ,  V I ,  i s  given by eq ( 9 )  

with V 

and multiplying both s ides  by 

= Vi. Dividing both s ides  of eq (17) by t h i s  p a r t i c l e  veloci ty ,  

c l ,  produces t h e  equal i ty  

I f  t h e  e x p l i c i t  expression f o r  

eq ( 18), t h i s  equation r educes t o  

Y1 , given by eq (l3), i s  subs t i tu ted  i n t o  

from which 

With 

y ie ld  s t rength,  eq (20) i s  iden t i ca l  with eq ( 2 )  e 

G' Y set equal t o  E t ,  which was taken t o  be  t h e  dynamic compressive 

The review of t h e  fundamental concepts of one-dimensional elastic-wave 

theory has thrown no l i g h t  on the physical s ignif icance of the f a c t o r  

( z  c / z 1  cl)' which i s  required by the empirical equation f o r  t h e  denting 

velocity,  eq (1). It i s  possible tha t  a t  t h e  y ie ld  point of  t h e  material  of 

of e i t h e r  of two rods t h a t  co l l ide ,  t he  second boundary condition f o r  a purely 

e l a s t i c  impact (equal compressive forces) m a y  break down. 

fu r the r  consideration w i l l  be given t o  t h i s  question during t h e  next report  

pe riad,  

1 

If t i m e  permits, 



3 . 3  - The Question -... of Dynamic Strength 

It was pointed out i n  Quarter ly  Progress Report No. 1 t h a t  t he  concept 

of dynamic strenpth of metals ( s t r a i n  r a t e  e f fec ts )  has been ca l l ed - in to  

question f o r  pure metals and simple al loys,  

question has been discussed with D r .  Thad Vreeland of t h e  California I n s t i t u t e  

of Technology, Pasadena, Calif ,, D r .  George Irwin, of t h e  Naval Research 

During t h i s  r epor t  period t h i s  

Laboratory, Washington, D.C. , and with D r ,  N.J.Huffington, Jr., Chief of 

Dynamics Research, Martin Go., Baltimore, Md. Study of t h i s  question i s  

s t i l l  i n  progress, 

4. Work Plans f o r  tk Next Report Period ------ 
Room-temperature f i r i ngs  against t h e  zinc specimens a re  being i n i t i a t e d  

a t  t h e  present time a t  Bat te l le  Memorial I n s t i t u t e ,  

i ron  a re  ready t o  be sent f o r  use i n  t h e  f i r i n g s  and it i s  hoped tha t  the 

+antalum specimens w i l l  be ready i n  not more than two weeks. 

tha t  a l l  room-temperature f i r i n g s  on zinc, Armco iron, and tantalum will be 

The specimens of Armco 

It i s  expected 

completed during t h e  next report  period. 

mination of t e n s i l e  strength and t h e  measurement of i n f i n i t e  medium sound 

speed f o r  these me ta l s  w i l l  be made during t h e  next report period. 

It i s  a l s o  expected tha t  the deter-  

Delivery of Udimet 700 f o r  use i n  the  steel-sphere impact experiment 

This metal has not yet been delivered; was expected by January 10, 1967. 

a revised estimate o f t h e  del ivery date  i s  now t h a t  the  metal w i l l  be shipped 

by March 31, 1967, 

by April  1, 1967, and not ice  has been received t h a t  this date  i s  s t i l l  firm. 

It i s  hoped t h a t  specimens of these metals will be machined and ready f o r  use 

i n  f i r i n g s  both a t  room temperature and at  elevated temperatures before t h e  

end of t h e  next report  period. 

Nickel 270 f o r  use i n  the  experiment was t o  be available 

20. 



5* References 

1. Metals Handbook, 8 th  M i t i o n ,  American Society fo r  Metals, Nonety, O. ,  

page 1211  of Vol. I. 

2. B. d. Saint-Venant, Journal of Mathematics Pure and Applied, 2nd Series,  

Vol, 12 (1867). 

3. S. Timoshenko and J.N.Goodier, Theory of E las t ic i ty ,  2nd Edition, McGraw- 

H i l l  Book Go., Inc., 1951. 

4. A.E.H.Love, Mathematical Theory of E las t ic i ty ,  4th Edition, Dover Publica- 

t ions ,  N e w  York, N.Y., 1944 



Figure 1. Single Impact Apparatus Constructed at Battelle Memorial 
Institute. View 1 

Rll97-1 

22 



Figure 2. Single impact Apparatus Constructed at Battelle Memorial 
Institute. View 2 

Rl197-2 
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Figure 3. X-ray Diffraction Pattern of Zinc Impact Specimen Before 
and After Thermal Treatment. 
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Figure 4. X-ray Diffraction Pattern of Zinc Impact Specimen Illustrating 
the Effectiveness of Grinding in Removing Surface Layer. 
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Figure 5. X-ray Diffraction Pattern of Zinc Impact Specimen Illus- 
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