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AB STRA CT 

The Commi t t ee on Dy namic Compac t ion of Me tal and Ceramic Powders ha s 
asse s sed the state of  the art and the technological potent ia l for the 
dynamic c onsolidat ion of  metal  and ceramic powder s .  I t  examined t he 
fundamental consid erat ion o f  dynamic conso lidat ion , consolidation ph enomena 
duri ng d ynamic c ompac t ion , dynamic c ompac t ion and cond i t ioning of metal and 
cerami c powders , characteri zat ion of  dynamically consolidated me tal and 
c eramic powder s ,  c omputer c odes appl icable t o  dynamic compac t ion , prac tical 
and potent ial applicat ions , problem area s , and the current posit ion of the 
Uni t ed S t a t e s  i n  dynamic compac t ion . 

Ba sed on i t s  conc lus ions , t he commi t t ee recomended t hat a sys t emat ic 
study of the dynamic compact ion process should be conduc ted ; exi s t i ng  
t echni que s should b e  improved and new one s  deve loped t o  permi t the monit oring 
of the dynamic event s as  c lose t o  the mi croscale a s  possi ble for temperature s ,  
shock ve loc ities , pre s sure s ,  and part icle mo t ion; data and i nf ormat ion f rom 
the sys t ematic experiment s recommended above should be utili zed to form data 
inf ormat ion f or the modeling c odes ; c oord inat i on among tho se invest igat ing 
dynamic compac t ion should be maintai ned ; a suf ficiently funded , sustained , 
coord inated , and c onc entrat ed re search and development e f f or t  should be 
ini t iated t o  s t rengthe n  the Uni ted S tates pos i t ion i n  the dynamic compact ion 
f ield . 

i i i  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

D y n a m i c  C o m p a c t i o n  o f  M e t a l  a n d  C e r a m i c  P o w d e r s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 4 0
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PREFACE 

At the request  of the Department o f  De fense , the Nat ional Mat erials  . 
Ad vi s ory Board o f  the Nat ional Re search Counci l e stabl i shed the Commit tee o n  
Dynamic Compact ion o f  Me t al and Ce ramic Powders to  c r i t icall y  asse s s  the 
state o f  the art and the t echnological potent ial for the dynamic consol idat ion 
of metal  and c e� amic p owders . Dynamic compaction t echni que s o f fer the 
potent ia l for enhanc ing self sint e r i ng or for grea t ly reduc i ng densi f ication 
t emperat ure s o f  metal and c eramic powders with f iner part ic le s ,  more uni form 
par t icle  s i ze d i s tribut ions , and highly me tastable mi cro s t ruct ures 
( pa rt icularly rap idly solid i f ied mat eri als) . 

Va luable present at ions of  data and opinions were mad e and o ther 
a ss i s t anc e  was o f f ered by severa l i nd ividuals during t he s tudy . Th e 
commi t tee the ref ore wi she s  to  thank the fol lowing persons : R oy w. Ri c e , 
u.s. Naval R e search L abora tory ; Charles s. Yu st , Oak R idge N a t ional 
Laboratory ; Denni s E .  Grady , Sandia Laboratorie s ;  Jame s R .  Asay , Sand ia  
L a borat ori e s ;  Marc A .  Meyers ,  N ew Mexico Inst itut e  of  Technology ; Bernard H.  
Kear , Uni ted Te chnologie s Corporation;  Howard H .  L iebe rman , Ge nera l  Elec t ri c  
Company ; Dere k Raybould , Inst itute  Cerac , Ecublens , Swi t zerland ; R obert A . 
Graham , Sandia  Laboratorie s ;  Go rdon A . Bruggema n ,  u.s. Army Mat erials and 
Me chanics R e search Ce nt er ; R .  Bruce MacDonald , u.s. Of f ice of  N aval R e search ; 
L t .  Co l .  L o ren Jacobson , Defense Ad vanced Resea rch Pro ject s Agenc y ;  Co l .  
Jo se ph D .  Morg an , u.s. Ai r Forc e Systems Command ; Yuki Hori e ,  u.s. Army 
Re searc h Of f ice ; and R icha rd M .  S priggs , N at ional  Mat erial s Ad vi s o ry Boa rd . 

Vo nne D .  L i nse 
Chai rman 
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d ynamic a l ly  c omp ac ted a l umin a, TEM 

21 De t ail o f  ind ivid ua l  d i s loc at ions and d i s loc a t ion arr ay s 
w i th i n  a gr a i n  at the h a l f-r ad i a l  p o s i t ion in a cy l i nd�r 
o f  d yn amic a l ly c omp acted a l umina, TEM 

22 Sc hem a tic pre se nt a t ion o f  a l ter nate pr oce s s  route s  f or 
dy namic c omp ac t ion and/or c o nd i t ioning o f  meta l  and 
cer am ic p owder s 

23 E xamp le s  o f  succe s s fu l app l ic a t i ons o f  d irec t d ynamic 
compac t ion techno l og y  t o  a var ie ty o f  me t a l  a nd cer am ic 
powder s 

24 M icr o s tr uct ur a l  v ar i at ions in hot e xp l o s ive ly c omp ac ted 
a lumina 

25 E f fec t s  of s hoc k  c ond i t ion ing of var i ous cer amic p owder s 

5 0  

51  

52 

5 4  

5 6, 5 7, 5 8 

up on subseque n t  de ns i f ic a t ion 60 

26 Sche ma t ic repre se ntat ion o f  e nerg y rel a t ions h i p s  i nf l uenc ing 
de ns i f ic a t ion kine t ic s  a t  an y g ive n  por o s ity and stre s s  62 

27 S chem a t ic com par i sons betwee n c onve nt ion al temper a tur e  
s i nter in g (CTS) and thre e -s t age r at e  contr o l led s i nter ing 
(RCS) pr o f i le s  65 

28 M i cros tr uc ture s i n  s i ntered a lumina as func t ions of 
de ns i f ic at ion path 65 

29 TEM of ho t pres se d AlN (60,000X) 7 2  

30 TEM m id -r ad i u s  o f  e xp l o s ive ly c ompacted AlN 7 3  

xii 

Copyright © National Academy of Sciences. All rights reserved.

Dynamic Compaction of Metal and Ceramic Powders
http://www.nap.edu/catalog.php?record_id=19440

http://www.nap.edu/catalog.php?record_id=19440


Chapter 1 

SUMMARY ,  CONCLUSIONS , AND RECOMME NDATIONS 

SUMMARY 

Dynamic powder c ompac t i on i s  a materi al s fabricat ion process  t hat u t i li z e s  
a combination of  ext remely high ve loc it y  and high pre ssure t o  densify  powder s 
rap idly . The proce s s  o f f er s  many pot ent ial advant ages that sing ly or in 
combinat ion cannot be achieved wi th any other powder consolidat ion or 
f abri cat ion proces s .  Some o f  these advantages are : 

1 .  Densit ie s  ap proaching theore t ica l can be achieved in a wide variety 
o f  d i f f icult-t o-c ompact metals and c eramic s .  

2. Compact ion often can be achieved at room temperature wi thout the need 
for subse quent s int ering or the rmal t reatment .  

3. Warm or e levated temperat ure compact ion can be done at t emperat ure s 
be low those required f or c onvent iona l consolidat ion wi th numerous 
benef it s such as  ref ined grain struct ure . 

4 .  Un ique ( of t en nonequi li bri um) microstruct ure s that may produce uni que 
propert ie s can be achieved . 

5. Unique powder propert ie s can be ma int ained through t he compact ion 
proce s s .  

6. Work int roduced in the powder s  by the process shock wave of ten 
ac t ivate s the powder for subsequent uni que sint ering characteri stics . 

1. The high pre ssure s f rom the process can be u sed t o  synthe s i ze uni que 
and d i f f icult to achieve material s phase s .  

8. Combinations of materials  can be compacted wi thout i nteract ion 
between the consti tuent phase s .  

A l though d eve lopment o f  t he p rocess  began i n  the 1940 ' s ,  very l it t le e f fort 
ha s been devoted t o  dyn amic compac t ion in the Uni ted St ates . Thi s may be 
because the proce s s  has some undesirable s ide e f fect s ( e . g . , cracking ) that 
are no t ye t fully understood and because ot her powder fabricat ing processe s 
have been more attrac tive ec onomically . Recent ly , howeve r ,  the advent o f  
unique mat erial s ( e . g . , amorphou s and metastable microcrystall ine rapidly 
solidi f ied mat erials)  and the need f or ext reme ly high st reng th ceramic s  have 
dictated fabricat ion requi rement s t hat cannot be me t by the more commonly used 
powder fabri cat i on t echni que s ,  and dynamic powder c ompac t ion has t he pot ent ial 
to  mee t  many of the se demand s .  As a re sult , the De partment o f  De fense (DO D )  
re quest ed that the Commit tee o n  Dynamic Compact ion o f  Me t al and Ce ramic Powder s 
asses s the st at e o f  the art and the te chno logical potent ial  for t he dynamic 
powder c onsolidation o f  me tal and c eramic powder s .  

1 
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In a s se s s ing the proc e s s  and i t s  potential , the commi ttee s tud ied t he 
major a spec t s  o f  t he proce s s  i n  o rder t o  gain t he comprehens ive unde rstand ing 
needed t o  pre sent sound log ica l conc lus ions and recommendat i on s .  Examined i n  
d e tail  and d i sc us sed i n  t hi s  report a re t he  f ollowing : 

1 .  Fundamental cons iderat ion s of  dynamic conso lidat ion.  
2. Con solida t ion phen omena d uring dynamic c ompact i on .  
3. Dynamic compac t ion a nd cond i t ioning of  me tal and ce ramic powder s .  
4 . Ch arac teri zat ion o f  dynamically c onso lidated me tal and ceramic 

powde r s . 
5 .  Computer c od e s  applicable t o  dynamic c ompac t ion. 
6. Prac t ical and potent ial app licat ions . 
7.  Pro blem a reas in d ynamic compac t ion .  
8. The current pos i t ion of t he Un it e d  S tate s i n  d yn amic c ompac t io n .  

It i s  import ant t o  note t hat dynamic  c ompact ion i s  i dent i f ied a s  a 
proce s s  i n  which powde r densif icat ion i s  achieved by a high pre ssure shock 
wave ( gene rated by gas gun, explos ive , e tc . )  t hat exceed s th e y ield s t reng t h  
of the powder mas s .  N o  spec ific  ve loci t y  and pre s sure are refe renced sinc e  
they wi ll b e  d ic ta ted by t he prope rt ie s and c haracteri s t i c s  of  t he spec i f ic 
powder being compac ted . 

I t  a lso should be remembe red t hat although d ynamic p owder c ompac t ion can 
be  s imple i n  prac t i ce ,  the  phenomena occurring during the proce s s  are  ext reme ly 
comp lex and to understand t hem requi res t he i nt egrat i on of  a broad spec t rum o f  
d i sc ip line s .  In spite of i t s comp lexity , the proce s s  repre sent s an excell ent 
oppo rtuni ty for s ignif icant advancement in t he s tate of  t he art in powde r 
f abricat ion . 

CONCLUSI ONS 

Based on i t s  stud y ,  th e c ommi ttee has c onc luded that : 

1 .  I n  princ iple , dynami c powd e r  compac tion offers  promi se for  the 
f abri ca t ion of a large variety o f  metal and c eramic s or t heir  combinat ions 
wi th unique prope rties  and s t ruc ture s that may be d i f f icul t  t o  achieve by 
any other t echni que . 

2. In t heory , i t  i s  possible t o  scale up such proce s se s  t o  p roduce very 
large s i ze s ;  compact s up to  the met e r  range have been repo rted . 

3. Cu rrent knowled ge about t he event s  and c hang e s  t hat occur during t he 
d y namic compact ion rise- time in pa rt iculat e a s semblage s i s  se riously 
def ic ient . In tens i f ied e f fort s wil l  be  nece s sary t o  overc ome t his 
problem . 

4 . One of the princ ipa l  short c oming s  of  p rior and c urrent work i s  t hat 
dynamic compac t ion usually produce s undesirable s ide e f fec t s  such as 
c ra cking (mac ro and micro ) , internal s t rains , and s tra in and 
microst ruc tura l  grad ient s .  Cracking phenomena are dependent on such 
thi ng s as the nature of material s ,  t he degree of prec ompac t i on and s hock 
wave geome t rie s and are no t fully unde rs t ood . 
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5 .  On e  o f  the principal  outcome s of  dynamic compac t ion resea rc h  i s  
l ikely t o  be hybrid processing i n  which t he dynam ic process i s  employed 
t o precon d i t ion a powder prio r to subsequent processing in a mo re 
c on vent ion a l  mann e r .  

6. New experimental t echni que s f or i nstrumen t ing and monitoring h ighly 
dynamic event s and the inte rac t ions of  shoc k wave s wit h  particulate 
materials a re u rgent ly needed . Current met hod s d o  not permit t he d irect 
observation o f  dynamic compact ion proces s  event s in rea l t ime an d o n  the 
microsc ale leve l t ha t  i s  desirable . 

7 .  Many o f  the experiment s on dynamically compacted mate rial s have been 
c onduct ed with l i t t le or  no at tent i on to t he nature and c harac ter o f  the 
materia l before ,  during , o r  af te r t he proce s s .  A sign if ic ant in crease in 
the level o f  charac teri zat ion i s  vi tal . 

8. T he leve l o f  effort devoted to  dynamic compact ion in the United 
States has been very low and basically unc oordinated . A s  a result , t his  
count ry is  c ritically behind othe r s  in development o f  the proces s .  

9 .  Princ i pal applicat ions o f  t he dynamic p rocess are minimal o r  lacking . 

1 0 .  T he en e rgy sou rce s used i n  dynami c compac tion i n  the pas t  have often 
been unm on itored an d inconsis tent ; t he ref ore , experiment al result s 
ha ve been in con si stent and uncorre latable . Thi s i s  part icularly t rue 
with the explosive s which have been t he major e nergy sourc e f or t he 
proces s .  

RECOMMENDA TIONS 

Ba sed on i t s  c onc lusion s , t he comm it tee rec ommend s t hat : 

1 .  A systemat ic study of  the dyn amic compaction proc e s s  should be 
c on duc ted . Model material systems suc h  as rapidly solidif ied met als , 
coppe r ,  zinc , silicon,  aluminum ni t ride , si licon carbide , magn e s ium 
oxide , a lumin um oxide , and magnesium a luminate s hould be u sed . The 
o riginal powders should be we l l  cha racterized wit h  re spec t t o  pa rt icle 
s ize , part icle shape , purity , e tc . , and t he g oal s hould be d irect dynamic 
compac tion o r  shock condit ioning f o llowed by convention a l  densif icat ion 
f or e ac h  system .  A systemat ic c orre lation s hould be made between t he 
compac tion/ shocking conditions an d the na ture and charac t e r  of  t he 
material a f t er t he process in  terms of  d ens i ty , microst ruc ture , and 
syst em parameter s ( e . g . , shock pre s sure , attenuat ion and tempe rature 
d i st ributions , a s  wel l  a s  shock wave geomet ry ) . 

2. Existing technique s should be improved an d n ew one s deve loped t o  
permit t he moni toring of t he dynamic event s a s  c lose t o  t he microscale a s  
pos sible  f o r  temperature s , shoc k ve loc i t ie s , pre s sure s ,  and part ic le 
mot ion. 
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3. The d ata an d i nf ormat ion f rom t he system at ic experimen t s  recommen d�d 
above should be ut ilized t o form data in formation f o r  the modelin g code s .  
Du e  t o  the complexity of t he proc es s ,  i t  may be necessary t o  modify t he 
existin g  code s o r  even develop new on e s .  Code s should be available t o  
handle both the mac roscale and mic ro scale a spect s o f  t he proc es s ,  and 
diagn ostic  c od e  buil d-u p should be combined wit h  attempt s t o  ext rapolat e 
f rom one material t o  an othe r .  

4 . Co ordination among t hose i nvestigating dynamic co mpac tion s hould be 
maintained . 

5 .  A suf f ic ient ly funded , sustained , c oord inated , an d c oncentrated 
research and deve lopment effort should be initiated to s t rengthen t he 
United S tat e s  posi tion i n  t he dynamic c ompaction f ie ld . 
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Chap ter 2 

TH E  POINT OF DEPATRURE : A BRIEF SUMMARY OF TRADITIONAL 
METAL AND CERAM IC PROCESS METHODS 

The formin g of metal s an d ceram ic s  t radit ion a lly ha s  proceeded by two 
m ajor proces s  routes : solid s o r  part iculate processing , an d f luid s processing . 
Fluid s processin g  i s  characterized by melt  f o rmin g a s  we l l  a s  chemica l an d 
phy sica l vapor d eposit ion processing and i s  n ot d ependen t  on s tart ing m aterial 
particle charac t e ri st ic s . Rathe r , m e l t  an d vapor f ormin g temperature s an d 
their c on tro l a re t he d ominan t  parameters . So lid s processing , o n  t he o ther 
hand , usually i s  characterized by the con solidation o f  part iculate s into 
pre form shape via one of a number of possible in termed iate f orming m ethod s 
( e . g . , cold pre s sing , extrusion , slip casting ) . In gene ral , thi s i s  followed 
b y  heat t reatm en t  at  a s uf ficien t ly h igh t em perature t o  c ause f inal  
den si f ication by  the  proces s of  sintering . Solid s processin g  is  highly 
d ependent on several f ac tors . 

1 .  The n ature and c harac teri stic s o f  t he powders emp loyed . Pa rt icle 
s i ze , shape , surface area , agg lome rat e s t ructure , impuritie s , add itive s ,  
and their d istri bution p lay a major role in a f f ecting c old forming 
characteri s t ic s , f in a l  den si f ication kin et ic s ,  an d mic ro s truc ture 
d eve lopmen t .  

2. Fo rming gradient s . These usually a re i n  t he f orm of pressure 
gradien t s ,  occurrin g  durin g  part iculat e consolidation , tha t  develop 
poro si ty or d en sity gradient s in t he c old f ormed s tructure . They c an 
re sult i n  mic rostruc ture d i scont inuit ie s an d shape defo rmation . An 
exten si on o f  cold f orming i s  t he process  of  ho t f orming , pressin g , o r  
workin g whe rein pa rt iculate s o r  pa rt iculat e preforms are densified un der 
applied pre ssure a t  e levated t emperature s . Dyn amic c ompac t ion a ls o  may 
be con s idered an extension of the s e  basic  f ormin g  proces se s  and i s  
t re ated in more detai l  be low . 

J. He at tre atm ent par amet er s .  The var i able s of  t ime , t em perat ure , and 
heating rate  play a ve ry impo rtant role in determ in ing densif icat ion 
kin et i c s  and re sulting mic rostruc ture s .  The select ion o f  specif ic t ime 
an d temperature c ri te ria often i s  in f luen ced by o rigin a l  particle an d 
pre form charac teri stics a s  we ll a s  chemical impurity o r  d opan t  c ontent . 

In effect , the va rious step s involved in solid s processin g  are vi rtually 
d ependent on e ach o ther in deve lopi ng  f inal material and p roce s s  
cha racteri s tic s . 

5 
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Judic i ous selection  of  p art iculate c harac teri s t i c s , c oupled with suitabl� 
proc e s sing parame t ers  has led t o  t he development of  e s sent i a lly po re- f re e , 
sing le-phase cerami c c ompounds with c ont rolled micro st ruc ture ( e . g . , alumi num 
oxid e , magnesium oxide , yttrium oxide , be ry l l ium oxide , ba rium t it anate , lead 
zirc onate  t itana te , s i licon c arbide , s i l i co n  nitride ) . Fo r metal s ,  solids 
proc e s sing has been extended t o  i nc lude nicke l-cobalt  supe r-base al loys wi th  
uni que f ine-g rai ned micros t ructure s wi th a high d egree of  c hemical homogenei ty . 

Table 1 provide s a summa ry of the variou s  app licable forming proce sses 
t ogether wi th dynamic c ompac tion.  As  a s pec ial c a se o f  solid s proc e s si ng ,  
dynamic compac t ion o f f ers  the potent ial  f o r  generat ing f ine- grained 
mic ro s t ruc ture s  at es sent ially an u lt imate l eve l . Th i s  c oup led with t he 
po s s i blity o f  fabricat ing large forms wi thou t  the need for large p re s se s  and 
a nc i l lary cap i tal  e quipment enhance s  t he at t rac tion of explosive compac tion i n  
particula r .  
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Table 1 S.-.ary of Pol'llling Methods 

Denaification 

Process 

Sintering 

Hot fol'llling 

HIP uniaxial 
High Pressure 

Hot working 

Particulate Agglomerate 

Prefora Influence 

Strong influence of particulate 
distribution, porosity distribution 
and density gradients on final aicro­
atructure 

Influence of prefora characteristics 
leas severe than for aintering 

Dynaaic Coapaction Presumed to be leas severe than 
for aintering 

Melt foraing 

Cheaical vapor 

Not generally applicable. 
(Reactants molten) 

Not applicable 
(Reactants are gas-phase) 

Cheaical and Physical 

Effects 

Cheaical additives iaportant in 
controlling process. Teaperature 
and teaperature distribution, 

ataoaphere, heating rate, denaifi­
cation path affect aicroatructure. 

Cheaical additives iaportant in 
process control. Teaperature, 
teaperature distribution, 
atmosphere, heating rate affect 
aicroatrucrure. 

Cheaical effects in phase 
tranaforaationa. Microstructure 
variation froa pressure-teaperature 
gradient. Extensive crystalline 
deforaation likely resulting in 
internal strain gradients. 

Congruently melting coapounda. 
Teaperature and teaperature 
gradient control very 
iaportant. 

Cheaical dopants can control 
grain growth and structure. 
teaperature, pressure, 
coaposition and vapor flow 
affects aicrostructure. 

Applications and 
Liaitations 

Sintering now applicable to 
denaification of aoat ceraaic 
and refractory aetala includ­
ing covalent coapounda. Re­
sidual porosity, secondary 
grain growth, inclusions are 
problea areas. 

Applicable to denaification 
of aoat ceraaica and refrac­
tory aetala. Iaproved aicro­
atructure control with 
reduced porosity. Shape 
probleas 

Liaited success in brittle 
aateriala, e.g., boron nitride. 
Cracking probleaa. 

Applicable in particulate 
preparations. Useful in 
single crystal preparations 
and fusion-cast alloys and 
refractions. Halide and oxide 
IR windows. Shape and size 
liaita. 

Excellent cheaical purity 
control. High denaification 
leads to optical tranaaission 
for aany coapounda. Slow 
deposition rates. Thickness 

liaitations. 

Copyright © National Academy of Sciences. All rights reserved.

Dynamic Compaction of Metal and Ceramic Powders
http://www.nap.edu/catalog.php?record_id=19440

http://www.nap.edu/catalog.php?record_id=19440


Copyright © National Academy of Sciences. All rights reserved.

Dynamic Compaction of Metal and Ceramic Powders
http://www.nap.edu/catalog.php?record_id=19440

http://www.nap.edu/catalog.php?record_id=19440


Chapter  3 

FUNDAME NTA L CONSIDERATIONS 

Dy namic c ompact ion i s  a p rocess in whic h  powder d ensif icat ion i s  achieved 
by a high pres sure shock wave . In o rder t o  understand the phenomena that 
o ccur d uring the p rocess i t  i s  f irst necessary t o  have a f undamental  
underst andi ng  o f  the shock wave and i t s  interact ion wit h  t he material .  In t he 
s ect ions t hat f ol low, a mat hemat ical d e scription o f  t he s hock wave phenomena 
i n  condensed material s i s  developed and related t o  porous and d i stended 
materials s imi lar t o  p owder st ructure s . A lso , t he met ho d s  o( genera t ing s hock 
wave s in material s along with the current state of t he art of inst rumentat ion 
and monitoring of highly dynamic e ve nt s  is desc ribed . It i s  t he i nt ent o f  
thi s chapter t o  provide the reade r  wit h a summa ry understanding o f  these  
phenomena . 

SHOCK WAVE PHENOMENA 

The product ion o f  s hock wave s i n  gase s and c ondense d  materials i s  related 
t o  the f ac t  t hat at  high pressure s the ve loc ity  o f  sound inc rease s wi th 
i nc reasing pressure . Thus , above s ome minim um  pressure pulse t he d i sturbance 
steepens until a d i scontinuity i n  t he st ate var iable s i s  c reated and a shock 
wave re sul t s . 

A mathemat i cal descript ion o f  t he s tate o f  t he material behind t he s hock 
wave , wit h  re spec t to the state variable s ahead of t he shoc k wave , can be 
o btained by wri t ing t he e quat i ons f or c onservation o f  mas s ,  momentum , and 
ene rgy , re spec t ive ly . Thi s yie ld s  t he wel l  k nown Ranki ne-Hugonio t relat ions 
( Duvall and Fowle s 1963 , McQu een e t  a l .  19 7 0 ,  Rice e t  al . 1 9 5 8 )  as outlined 
below. 

Consider a p lane s hock f ront moving t hrough a s olid a s  s hown i n  Figure 1 ;  
u equal s the pa rticle veloc i ty , p equa l s  the density , T equa l s  the 
t emperature , P e qual s  t he pre ssure , U e quals  t he s hock ve lo c i ty , a nd E e quals  
the interna l ene rgy pe r uni t ma s s . 

The c ond i t ions on each s ide of  t he shock f ront are repre sented i n  Figure 
1 ,  where the subscrip t o refers t o  t he initial state . I f  the s hock front i s  
moving with a veloc ity U wit h  re spect t o  laborat ory c oord ina te s ,  the o bserver 
see s material entering the shock f ront wit h  a ve loc it y  U and leaving the shock 
f ront with a ve loc ity U-u . 

9 
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• 
u 

u -.... --�� 

. p, P, E, 

�observer 

1\. 

' Shock Front 

U = Shock wave velocity 
u = Particle velocity behind shock 

po • Density ahead of shock 
p • Density behind shock 

P0 • Pressure ahead of shock 
P • Pressure behind shock 

F IGURE 1 Shock wave in a solid body 

Hence , the conservat ion o f  mas s  give s : 

( U-u )  p • p 0U 

Cons ervat ion o f  momentum give s : 

P -p0 • p0U u  

and c on servation o f  energy g ive s :  

( E-E0 ) • � - l u2 
Up0 2 

10 

Equations ( 1 )  and ( 2 )  can be c ombined and rearrang ed to g ive : 

U • V0[(P-P0 ) / ( V0-V ) ] 1/ 2  

(1) 

(2) 

( 3 ) 

(4) 
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and 

u • [(P- P ) (V -V)]l/2 
0 0 

1 1  

i f  V • l where V i s  the spec i f i c  volum e .  
p 

Us ing Equa t io n  (4) and ( 5 ) , the energy equation can be rewri t ten a s : 

E- E  = l (P+P ) (V -V) 0 2 0 0 

( 5 )  

( 6 )  

The measurement o f  any pair  o f  va riable s used i n  Equation s  ( 1 )  thro ugh ( 6 ) , 
when c oupl ed with the known i ni t ial cond i t i on s , i s  suf f i c i ent t o  def ine a 
point o n  the shock wave loci o r  Hugoni ot . A particularly usefu l  pai r  o f  
vari able s i s  the part icle ve loc i ty u and the sho ck ve loc i t y  u. I t  has been 
found tha t the Hugonio t s  for many solid s can be repre sented by a linear 
re la t i onshi p between the s hock ve lo c ity  and t he part icle ve loci ty when t here 
is no phas e  transformation* : 

U • C0 + Su . ( 7 ) 

The constant s C0 and S are characteri s t ic s  o f  the materia l .  

The equa t i on o f  s tate o f  any material combined wi th the Rankine-Hugonio t 
expre s s i on i n  Equation ( 6 )  produce s a uni que relation between P and v. Thi s 
curve , called the Rankine-Hugoni ot curve o f  the material , repre sent s the locus 
of all s tates  ( P l , V1 , E1 , e tc . ) . The shock compre s sion pro ce s s  
d i s s ipa t e s  energ y and i s  theref ore irreve r s ible . N o  exact expre s s i on h a s  been 
de rived for the ene rgy d i s sipated in  the shock cyc le . However , it can be shown 
that the c ro s s  hatched area of Fi gure 2 ,  bounded be lo w  by the Rankine-Hugoniot 
curve sc lc and abo ve by the s tra ight line c onnecting the i nit i al unshocked 
state B wi t h the f inal shocked s t a t e  C ,  i s  a good approximat ion to the ene rgy 
d i s s i pa ted i n  the sho ck cyc le . 

The Hugoniot P-V map pre sent s a locus wi th known energ y .  Thi s fact 
to ge ther wi t h  theoretical  work done on the Grunei sen ra t i o  makes i t  pos s i ble 
t o  extend the e quat i on o f  state off the Hugonio t  through energ y  co nsidera t i ons 
at constant volum e .  

I t  has been a s sum ed in t he pr e ceed ing development that fo r a given s ho ck 
pre ssure only a single sho ck wave would propagate into an und i s t urbed medium . 
The shear s treng th has been neg lec ted and the ma terial has been t reated l i ke a 
f luid . Thi s i s  sati s fact ory for  s t rong shocks ; howeve r ,  there i s  a regime 
where thi s i s  not a valid assum pt ion . 

*It  should be noted tha t when there i s  a phase transf ormat ion , the 
cons t i tutive re lat ion may be linear in a given region o ther than where the 
t ransf orm a t ion i s  occuri ng . 

Copyright © National Academy of Sciences. All rights reserved.

Dynamic Compaction of Metal and Ceramic Powders
http://www.nap.edu/catalog.php?record_id=19440

http://www.nap.edu/catalog.php?record_id=19440


12  

The conc ep t  o f  a single hydro stat i c  shoc k pres sure is  no t co r rec t fo� 
materi al s  that have a f inite y ield s treng th .  I t  i s  a reasonable approximation 
only whe n the s t re s se s  are very muc h highe r t han the yield strengt h .  Henc e ,  
the pre ssure P i n  the jum p Equat io ns {1 ) t hrough {6 ) s ho uld be replaced by crx, 
the s t res s component ac t ing normal t o  the wave f ront . Except by inference 
from o ther i nf ormat i on ,  s tress c omponent s a and a parallel to the wave front 
are not known . Y z 

If a n  i so t ro pic , e lastic mat erial t hat y ie ld s  a t  a f ini te s tress level 
loaded i n  a state o f  uniaxial s trai n i s  considered , latera l stre s se s must b e  
d eve loped i nternally t hat exactly prevent late ral expansio n  o r  co nt raction. 
From these  c onsiderat ions i t  can be shown tha t: 

1-2\1 
T = 2{1-v) a X {8) 

whe re T i s  the re solved shea r stre s s  and v i s  Po i sson ' s rat i o . Equat ion {8) 
s tates that the max imum resolved s hear s tre s s  inc reases monoto ni cally with crx• 

t 

A 

Volume---+-

FIGURE 2 Rankine-Hugoni o t  curve 
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For an elastic-plast ic solid i t  can be shown that if  a 8 i s  the yie ld 
s t re s s  in s imple tens i on ,  2 Tequal s Oyst according t o  ei the r  Tre sc a ' s  o r  von 
Mi ses ' yield cri teri on . If  Oys i s  constant , Ox and a ( the mean hydro s tatic 
s tre s s )  inc re ase t ogether . Ab ove the y ie ld point , OX exceed s a by the 
cons tant s t res s 2/ 3 Oys• The re sult i ng compre s s ion curve is l i ke that shown 
in Figure 3 .  

The s t ruc ture of  the shock wave in such a ma t erial d epend s on the f inal 
peak pre ssure , a l , reached in compre s s i on.  If the a1 lies  above point B 
of Figure 3 ( a ) , then the elas t i c  wave is  overdriven and a s ingle shock wave 
f orm s .  If the s tre s s  a 1 l ie s  be tween A and B ,  the shock consi s t s  of  an 
e last i c  pre cur sor o f  ampli tude aA f ol lowed by a slowe r moving shock wi th 
peak pre s s ure a1 , as  shown in Figure 3 ( b) . 

There are c on siderable data for so lid mat er i al s  and accurate  const itutive 
equations have been determined for many solid s .  The data are not extens ive for 
p oro us or d i s t ended materi als although some const itut ive mod e l s  have been 
d eve loped (Herman 1969 , Raybould 19 81 , Roman and Go ro bt sov 19 81* ) . 

The d i f fere nc e  between the sho ck wave behavi or of  a porous or d i s tended 
mat erial and i t s  solid count e rpa rt i s  due to  the ex tra ene rgy requi red t o  
plast ically def orm and cru sh the part icle s  i n  the proc e s s  of  void annihi lat ion. 
Thi s concept can be vi suali zed on a P-V diagram as shown i n  Figure 4 ( Pr«mm er 19 7 3 ) . 
The init ial sp ecific  vo lume , V0P , of the powdered mat er i a l  decreases wi th 
inc rea sing pre ssure along the Hugoniot  A to the state ( P 1 , V 1P)0• Upo n 
pa ssage of the sho ck ,  the mat e rial expand s along the re lease i sentrope B t o  
the f inal s tate vF P a t  ambient pre ssure . The ra t io vF P/v0 P i s  a me a sure 
of  the compact io n .  

A more illustra t ive de scri ption of  the c ompac t ion o f  a porou s mat erial , i n  
t e rms o f  the energy absorbed i s  shown schematically i n  Figure 5 ( Jone s  197 2 ) .  
The de tails  o f  the re lease i sentrope and Hugoni ot ne ar  ambient p re s sure have been 
i gnored . The ma jor point is that wa ste ene rgy , re presented by the area between 
the Rayleigh line and the release i sentrope , i s  considerably gre ater for the 
porous mat erial than for a solid of the same mat eri al . Thi s increase in wa ste  
energy i n  the  powder ma t erial  account s  for  the signi f icant temperature ri se in  
s hock-compac ted powder s .  

The cons t i t ut ive re lat i onships re f ere nc ed above provided a pre liminary 
basi s for the inve s t igation of the behavior of powders  under shock load i ng 
cond i t ions . It  should be not ed that although adequate mod e l s  m ay be deve loped 
in t e rms of  the temperature rise and the pre s sure s  developed , these may no t 
prove t o  be the mos t  import ant considera t i ons for the p roduc t ion of powdered 
compac t s  of t heore t i cal dens i ty . Indeed , it  may not be the quant ity of ene rgy 
but i t s  d i s tri but ion,  as inf luenc ed by such factors a s  par t i c le s i ze and 
init ial green den s i t y , that exe rts the cont rolling inf lue nce on the degree o f  
compa c t i on and the re s ultant propert ies ( Graham and Asay 19 7 8 ) . 

*The se re fere nc e s  are merely examples and are no t meant to be exhaust ive . 
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8 

Vo 

(a) Linear compression 

(b) Shock waves structure 

FIGURE 3 Equat ion o f  stat e  and shock s t ruc ture in  e las t i c  p lastic  solid 
(a) l inear c ompre s s ion and ( b) s hock wave s t ruc ture ( Jone s  19 7 2 )  
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pl --------

,r 0 

SPECIFIC VOLUME, V 

FIGURE 4 Hugonio t f o r  a powder material ( PrUmmer 197 3 )  
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� Solid Hugoniot 

� Porous Hugoniot 
A A 

Specific Volume, V 

Waste Energy 
Solid 
Porous 

F IGURE 5 Comparison o f  the waste  ene rg ie s  in  solid vs. porou s mate rial s 
(Jone s  1 9 7 2 ) 
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GENERATING SHOCK WAVES IN MATERIALS 

Shock wave s c an be c reated in materials by t he detonat ion o f  an exp losive 
i n  contac t wit h  the material or by the impac t o f  a projectile on t he materia l .  
Some of  the various method s o f  accompli shing t hi s  are d i scussed below. 

Direc t Cont ac t  Exp losive 

The pressure s g enerated by d irec t  c ont ac t exp losive operat ions a re a 
func t ion o f  the characteristic s of t he exp losive and the material i n  contac t 
with the exp losive . Thi s i s  i llustrated in  Figure 6 where t he Hugoniot s f o r  a 
variety o f  material s are plotted in  terms o f  pre s sure versu s  part ic le ve locity 
and ref lec t i on c haracteristics  f or s everal c ommonly u sed explo s ive s .  The 
point of intersec tion of the Hugoniot of the solid wit h  the ref lection 
charac teri stic o f  t he exp losive repre sent s t he pre s sure and p ar t ic le veloc ity 
produced by a contac t detonat ion o f  norma l incidence. The powder usually i s  
encap s ulat ed i n  a metal c ontainer with t he exp lo sive being p laced i n  contac t 
wit h  the cont ai ne r .  The containe r  t herefore mod ifie s the pre s sure induced in 
th e p owder . However , if t he Hugoniot s and r ef lect ion c haracteri st ic s  of  t he 
material s (cont aine r  and powder)  involved are known , the pre s sure generated i n  
the p owder c an b e  pred icted accurately .  

Direc t contac t explosive compac tion u sually i s  emp loyed o n  eithe r  flat 
plate or cylindrical geomet ry c ompact s .  In f lat p late compac t s , t he exp lo s ive 
may be posit ioned on either one or both o f  t he major f la t  surface s and 
d et onated e ither normal to or parallel t o  the surf ace . De tonat ion normal t o  
the surface a s  opposed t o  paralle l generat e s  considerably highe r pre s sure s in 
the powder. In t he cylindrical g eomet ry , t he powder i s  e nc losed i n  a 
cylind rica l metal containe r  surrounded by an exp losive , a s  illustrated i n  
Fi gure 7 ( a ) , a nd  d etonation almost a lways i s  paralle l  t o  t he major axi s of 
th e compac t . As di scussed above , the pressure generated in the powder i s  a 
f unc t ion of the exp losive , t he container material , and t he p owder 
characteri s t ic s wit h  th e  furthe r  comp licat ion of  the ve locity o f  the 
collap s ing t ube . This l atter  factor i s  a f unction o f  t he r atio o f  t he 
explosive mas s per uni t area t o  tube mas s  per uni t area . Figure 7 ( b) shows 
the a rrang ement at some t ime after detonat ion d uring t he c ompac t ion p rocess . 
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1.0 
PARTICLE VELOCITY, U, ( mrnll£1, llrrt/1) 

RANKIN[ • HUGONIOT 
CURVES 

3.5 4.0 

FIGURE 6 Shock wave s i nduced in  vari ou s  materials  by normally i nc ident p lane 
detonation wave s ( Orava , and Wit tman 19 7 5 )  
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Plug 

(b) 

-!- Detonation 
Front 

FIGURE 7 Assembly for  explosive compac t ion of powders : ( a) prio r t o  
c ompac t ion and (b) d uring compac t ion ( PrUmmer 1 973) 

Explosively Drive n Plates 

Much h igher p re ssure s c an be produced with exp lo sive ly d riven p lates t han 
wi t h  cont ac t explosive s. In general , the highe r the plat e velocity the higher 
the pre s sure will be at impact. Plate ve loc i t ie s  f rom 1 to 7 km /s ec c an be 
attained using typical explos ive d riving systems ( Graham 1978). An example of 
one s uch system i s  shown in Fi gure 8. The recovery f ixture must be designed 
to allow a unif orm shock wave to ac t on the powder and to prevent ref lected 
wave s o r  other i nteract ions f rom d amaging t he result ing compact. This c an be 
accomplishe d  through the use of  momentum t raps to prevent t he de structive 
e ffec t s  o f  ref lected wave s and protect ive c overs t o  prevent impact damage. 
The durat ion o f  the high pres sure i s  primarily a function o f  t he t hickne s s  of  
the f lying p lat e. 

Gun Launched Pro jectile s 

Re asonably high s hock pressures c an be generated by t he impact of 
f la t-ended gun-launched project i le s  on  target s. Thi s method ha s been widely 
u sed f or e xper iment al i nvest igat ion of t he behavior of materials subjec ted t o  
shock loadi ng. 

Copyright © National Academy of Sciences. All rights reserved.

Dynamic Compaction of Metal and Ceramic Powders
http://www.nap.edu/catalog.php?record_id=19440

http://www.nap.edu/catalog.php?record_id=19440


20 

fABfABBfABfABB.BfABfABBi-- Flyer Plate 

FIGURE 8 Ar rangement for  powde r compact ion using an explosively 
driven f lyer p late 

The guns a re smooth-bore and u se c ompre ssed gas , propellant s ,  o r  mult istage 
light-ga s system, t o  acce lerat e the projectile t o  t he desired ve loc ity. 
Compre ssed-g as g uns c an produce impac t ve loc ities  between 100 and 2 000 m/ sec 
( Raybould 1980) . Wi th spec ial technique s ,  ve locitie s a s  low a s  2 0 m/ sec have 
been rout ine ly achieved ( Graham 1977). Prope llant-actuated guns achieve 
ve loc itie s  i n  th e range of .400 to 2 500 m/ sec and multi stage light-gas gun s 
achieve velocit ies  up t o  about 8000 m/ s ec. 

Sinc e  the guns desc ribed above are predominant ly used for  experimental 
work , t hey are designed and c onstructed t o  c ont rol accurat ely t he a lignment of 
the impac t i ng surface s so t ha t  the c losure time of the su rface s are nearly 
s imultaneous o r  the rate o f  c losure i s  accurate ly known. The se guns a re no t 
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designed f or r ap id cyc ling and are t he refore not suitable f or produc tion work. 
Howeve r ,  a produc t ion machine that launche s a projectile using comp ressed air  
is  under d evelopment by In stitute CERAC , S.A. , o f  Swit zerland ( Raybould 1981). 

The speed range o f  the projectile i s  300 t o  1200 m/ sec and compact ion of t he 
powder occurs by t he passage of an i nt ense shock wave t hrough t he p owder. 

Comme rcial Machine s  

Several comm erc ial high speed f orming machine s  have been developed t hat 
operate on the p rinc iple o f  the sudden release of  stored ene rgy ( Davie s and 
Au st in 1970).  The energy i s  s t ored in a c ompre ssed gas , t he sudden expansion 
of which accel erate s a ram. Examp le s  of machine s using t hi s  principle are 
those f ormerly made by Dynapak and u.s. Industries. Other machine s use 
chemically stored energy in the f orm o f  a combust ible f ue l  and s t i l l  other s us e 
e lec trical e nergy t o  accelerate t he mass d irect ly. An example o f  a machine 
using chemically stored ene rgy i s  the Petro-Fo rge , whic h wa s de s igned by t he 
Me ch anical Eng ineering De partment o f  England ' s  University o f  Bi rmingham. 
Although these machine s were not  spec if ically designed t o  produc e shock wave s 
i n  materials , s ome of t hem have been u sed for  t he dynamic compact ion of  
powders. A brie f descrip tion of  the  Dynapa k ,  u.s. Indus trie s , and Pe tro-Forge 
machines i s  g iven below. 

The Dynapak machines were produced by t he Convai r Divi sion of General 
Dynamic s  Co rporat io n. Although t hese  machine s are no longer manufactured , a 
num ber a re s t i l l  i n  operat i on. The preferred ene rgy source i s  dry nit rogen 
compre s sed to about 2000 p s i. The system is des igned such t ha t  t he high 
pre ssure g as hold s the p i ston against a seal , keeping t he system in s tat ic 
balance with a la rge area of t he piston exposed to  atmospheric pressure. The 
machine i s  t riggered by a small surge of high pre s sure g as i nt o  t he chamber on 
th e atmo spheric side o f  the piston. Thi s admi ssion of ga s d i sturbs t he static 
balanc e  bre aking t he s eal s o  t hat the e nt i re external f ace of t he p iston i s  
exposed t o  the hig h  pre ssure ga s. The force exe rted by t hi s gas  p ressure 
accelerate s t he p iston very rap id ly unt i l  it s t rike s  t he work p iece. The 
de sign of the machine i s  suc h  t ha t  ve ry lit t le shock i s  t ransmitted to t he 
ground. The maximum ram speed of a ll t he mac hine s i s  about 18 m/ sec. The 
range of maximum ene rgie s of the variou s machine s  i s  between 8000 and 225,000 

f t-lb;  the cyc le r at e  range s f rom 20 t o  7 c yc le s  per minute. 

The u.s. Indus t rie s machine s are manuf actured by it s Product ion Ma chine 
Di vi sion and u se t he sudden re lease of c ompre s sed nitrogen to d rive opposed 
rams t ogethe r. The me t hod of ene rgy release , whic h is somewhat different than 
that o f  the Dynapak machine s , will not be described here. The se machine s  a re 
available i n  three s i ze s , the maximum energy of  t he blow being 50,000, 150,000 

and 300,000 f t-l b. The maximum c lo sing speed of t he p latens i s  about 20 m/ sec 
in each mode l and a typical cycling rat e i s  8 pe r . .  minute. 

The Pe tro-Fo rge machine works on a princ iple s imilar t o t hat of t he Dynapak 
machine wit h  the majo r  except ion t ha t  the energy i s  supp lied by combust ion of a 
f uel. The pres sure t hus produced bre aks a s eal releasing high p re ssure produc t s  
of  combustion t o  ac t ove r the entire piston area. The piston assembly i s  thus 
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accelerated rapidly downward . The maximum rat i ng of t hi s  machine i s  20,000 

f t-lbs o f  work with a maximum impac t ve loc ity of 18 m/ sec and a cyc le t ime of 
one per second . 

IN STRUMEN TING AN D MONITORIN G HIGHLY DYNAMI C EVEN TS 

A s  ment i oned previ ously , the mea surement of any pa i r  of  variables i n  
Equa t i on s  (1) through (6), when coupled wi th the known ini t ia l  cond i t ion s ,  i s  
suf f ic ient t o  def ine a po int on the shock wave loc i or Hugoniot . The mo s t  
useful  repre sent a t ions re sult f rom the plot t i ng of P versus u and U ver sus u. 
Al so ,  i f  the e quat i on of  state  i s  known , a useful re pre sentat ion i n  the 
P versus V plane is obtained . A comprehens ive review of the various techni que s 
f or mea suri ng wave pro f i le s  i n  shock-loaded solid s i s  given by Graham and A s ay 
(1978). Earlier reviews of me thod s are given by Fowle s (1972), Jone s and 
coworker s (1970), Karnes (1968), McQueen (1964), Doran ( 19 6 3 ) , Duva l and Fowle s 
(1963), and Dea l (1962). Because the literat ure i s  so ext ens i ve , only a brief 
descri pt i on o f  s ome s e lec ted method s wi l l  be pre sent ed here . 

Table 2 pre sent s a hi s t o ry o f  the mos t  widely used detec t ors (Da vi son a nd 
Graham 1979). The methods are grouped into two broad categories : those that 
g ive a measurement of the di splacement as  a func t ion of  t ime and those tha t 
g ive a measurement of ve loc ity or stre s s  a s  a func t ion of t ime . The 
d i splacement ver sus t ime devi ce s  are furthe r  d ivided into tho se that produc e 
d i sc re t e  point s ( a  co l lect ion of  the se would be re quired t o  give a ser i e s  o f  
point s o n  a di splacement-time curve ) and those that give cont i nous 
displ acement- t ime me asurement s .  Henc e ,  measurement of shock t rans i t  t imes v i a 
back-surface mot ion and measurement of the f ree-surface d i splacement a s  a 
f unc t i on o f  t ime permit  the det ermina t i on o f  the shock ve loc i ty ,  U, and t he 
part icle  ve loc i ty , u ,  which i s  ap proximately the f ree-surface vel ocity . The 
devi ces used f or d ispl acement measurement s and s tress  mea surement s c an be 
c las sif ied a s  opt ica l ,  e lec trica l and rad iographic . An example of an opt i c a l  
devi ce i s  a smear or  s treak c amera that c an b e  used t o  measure both shock and 
f ree-surface ve loc i t ie s .  An example of an el ec trical device i s  a di spl acement 
capaci tor that c an be u sed t o  measure free surface ve loc i ty .  

Mu l t i ple-flash X-ray photographs a t  known t ime int e rvals can be u sed t o  
measure d irect ly both shock vel oc i ty and density  behind a strong shock wave . 
Flash X-ray technique s also can be used t o  show a shock prof ile a t  some 
spec i f ic t ime during an event such as that shown in Fi gure 9. The f igure shows 
a collapsing cylinder during a powder compact ion experiment from a starting 
c onf igura t i on s imilar t o  that shown i n  Fi gure 7 ( a ) . 

The earliest f re e-surface d i splacement measurement s we re made by set t i ng  
a large number o f  e lectrical contac tor p ins a t  carefully mea sured d i s t ance s  f rom 
the surface and reco rding the short ing t imes on one or more o sc i l lo scope s . Th i s  
t echni que i s  t edious ; however , var i at ions o f  the met hod appear from t ime t o  t im e . 
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TABLE 2 Da te s o f  Deve lopme nt of De t ec t o r s  

1 94 5 

1 9 5 5  

1 9 5 6  

19 57 

1 95 8  

19 59 

1960 

1 9 6 2  

1 9 63 

1 9 64 

1 9 65 

1 9 6 6  

19 67 

1 968 

19 70 

19 7 1  

197 2 

1 9 7 3 

197 4 

19 76 

Di spl acement v s . Time 
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Pins 
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Pi ns 

Pins 
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Capac i t o r  

Capac i t o r  
Opt ic a l  image 
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Inc l i ned mi rror 

Inc li ne d  re si s t o r  

Di splac ement 
Int e rf e rome t e r  

Elect romagnet ic 
S t re s s  inte gra l 
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FIGURE 9 Flash X-ray phot ograph of co llapsing cylinder during explosive 
powder c ompac tion ( Li nse 1980) 
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The f lash-gap use s  the principle tha t  gase s such a s  ai r ,  a rgon , or  xenon 
in narrow spaces between a specimen surrounded by p last ic block s a re heat ed t o  
lumine scence by succe s sive shock reverbe rat ions i n  the ga s. Subse quent heating 
of t he plastic quickly extinguishes  t he light. These event s can be recorded by 
a smear came ra and he nce , knowing the writing speed , the t rans i t  t ime of the 
s hock wave through t he  spec imen can be dete rmined. 

The capac itor met hod use s t he specimen a s  one elec t rode o f  a variable 
c ond enser whe re in t he c apac itance varie s  i nve r sely wi t h  t he spac ing. Thu s ,  a 
c i rcui t i s  des igned such that a voltage varying wit h capac itor gap i s  produced 
and reco rded on an o scillo scope. 

Op t ic al t ech ni que s are based on t he  f ac t  t hat t he optical re flec tivity of 
the f ree surface of a solid almo s t  alway s is conside rably reduced during t he 
emergenc e  of a shock wave. Seve ral scheme s based on t hi s  phenomenon have been 
used to reco rd dat a. One such technique use s transparent mirrors silvered on 
their i nside s urf aces. The mi rror on t he spec imen-f ree surf ace i s  i nclined at 
a small angle. The assembly is i l luminated by an int ense light source. The 
arrival of the s hock wave c ause s an abrupt c hange i n  t he l ight intensity. The 
event is recorded by a s t reak camera t hrough a viewing sli t and give s  the 
ve loc ity of the colli sion point be tween t he spec imen f ree surf ace and t he 
inc lined mi rro r. Knowing the colli sion point ve loc ity and t he ang le of 
incl inat ion of  t he mi rror , t he f ree surf ace veloc i ty c an be calculated. 

The slant-wire re si stor also can be used to record th e change in 
resi s tance wit h  t ime a s  t he f ree s urf ace c ontac t s  t he wi re. Th e d i st ance 
versus time curve t hus obtained can be different iated t o  obtain t he 
f ree-surf ace veloci ty. 

Elec t romagnetic veloc ity t ransduce rs have been used t o  o btain t ime-re solved 
part ic le ve locity measurement s in insulator s. The me thod use s a short length 
of c onductor  embedded in the material. A voltage i s  p roduced t hat is  propo r­
tiona l to ve loc i ty and an externally applied t ransverse magnetic f ield. 

Laser i nterferometry has been used t o  measure both f ree-surf ace 
d i splacement and veloc ity. The technique use s  the usual beam-spli t t i ng 
method s and i nt erf erence f r inge analys i s. 

The or iginal ve loc ity interferomete r me thod required specularly ref lec t i ng  
surf ac e s. Ho weve r ,  i f  t he movi ng surf ace i s  u sed a s  a l ight source f o r  a wide 
angle Miche lson i nterferometer , a diff usely ref lec t ing surface wi l l  do. Thi s  
re sulted i n  the ve locity i nte rf e rometer system f or any ref lec t or { V ISAR). 

The x-cut quart z t ransducer use s t he l i near pie zoelec t ric effect to  
measure t ime-reso lved st re ss hi st ory up to about 2 5  kilobars .  Ma terial s such 
as manganese , y t te rbium ,  and carbo n are piezore s i s t ive and have been used for  
t ime-r e so lved s t re s s  hi story measurement s. 
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Tempe rature mea surement s o f  opaque soli d s  subjec ted t o  s hock loading have 
been limited t o  the surf ace wherea s the interna l  temperature s of shocked 
t ransparent solids have been measured by optical means. Ra ybould (1980) 
report s measurement of the average tempe rature ri se in  shoc k powders by mean s 
of a thermocouple embedded in the powder. 
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Chapte r 4 

CONSOLIDATION AND RELATED PHENOMENA DURING DYNAMIC COMPACTION 

MATERIALS RESPONSES 

The c lassical mac roscopic approach t o  dynamic s hock wave a lterat ion of  a 
solid i s  expre s sed i n  the Rankine-Hugoniot relat ionship that inc lude s only one 
materi als parameter , E ,  an averaged value defined as internal e nergy per unit 
mas s .  In thi s macroview , the material i t self i s  t reated as being homogeneous 
and p os se ssing c ont inuum p ropert ies .  I n  fact , e ven in  solid bod ie s ,  t he 
actua l  p rocesses by which real material s are able to absorb ene rgy are ve ry 
l ikely t o  be d iscrete , s t rongly orientat ion dependent , and qui te i nhomogeneous . 
In part iculate assemblage s ,  although s ome stat i st ical averaging take s place , 
the e lementary proces se s  remain locally qui te d iscrete and i nhomogeneous . 

The ext ernally determined macroscale knowledge of the shock event mus t be 
s upplemented with very detailed micro st ruc tural predic t ions and / or 
characterizat ions of its  consequence s i f  a fundamental understandi ng  of t he 
s hock-i nduced. c ompac ti on proces s  i s  to be developed , i f  t he process  i s  t o  be 
generalized ove r a wide range of mate rial s choice s ,  or if art icle s  of selected 
materials are to be produced i n  reliable , usef ul f orms and shapes . The 
ult imate goa l of the material s scient i s t  the refore mus t  be eluc idation of al l 
those e lementary ,  of ten atomistic proce s se s  t hat might enable a specif ic 
part iculate as semblage o f  a given material t o  re spond to the passage of a 
sp ec ific  s hock wave ( i . e . , under d e signated c ond i t ions of  geomet ry , 
temperature , e tc . ) in ways that wi ll  yield a very speci f ic set of altere d  
microstructural f eature s .  Thi s import ant g oal i s  not l ikely t o  b e  achieved 
easi ly . On the one hand , the f i ne spatial scale and highly randomi zed nature 
of part iculate a s semblages a nd , on t he o the r ,  t he very s hort durat ion and 
ext reme seve rity o f  the typical shock wave event combine t o  make d i rect , rea l 
t ime e xperimentat ion i n  this f ield both quite d if f icult and i nhere nt ly l imi ted 
in terms of useful re solving power . It  seems mos t  likely that  the needed 
under standing may have to be gained more ind i rec t ly or oblique ly ,  in part 
through extensive ( and expensive ) micro s t ructura l ( and othe r )  characterizat ion s 
o f  materi als , both before and after s hocking , and i n  part by comput er modeling 
and/or simulation me thod s . 

Ma themat ical expre ssions capable o f  t reat ing t he who le set o f  materi als 
parameter s  involved i n  dynami c  compact ion event s apparent ly have ye t t o  evolve . 
Howeve r ,  the re a re e nough p aralle ls  wi th various we ll documented materials 
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re sponse s i n  more convent iona l rat e regime s that place great empha s i s  on the 
import anc e of such thi ng s  as ori entat ion-dependent tensor propertie s ,  
morphology-dependent densif icat ion proce s se s ,  detai led mat erials 
charac ter i zat ions , s ta t i s t ical d i stri but ion f unc t ions , and computer mode ling 
and s imulation technique s to wa rrant preliminary cons ideration of the probable 
nature of the mos t  import ant mat eri als  variable s .  

DE SCRIBING ELEMENTARY PROCES SES I N  DYNAMIC COMPACT ION OF POWDERS 

The i nhe rently stat i stical nat ure of powders and powder compac t s  c lear ly 
d ic tates  ( Pa lmour et  al.  19 81 ) tha t a l l  the relevant par t ic ulate pa rameters 
ult imately mus t  be treated a s  d i s tribut ion func t i ons ( Figure 10 ) . 

1 .  Part ic le s i ze d i str i but ion ( not jus t  part i c le s i z e ) . 
2. Pa rti cle shape d i s tribut ion (not just shape factor) . 
3. Pa rt icle coord ination d i stri bution ( not j us t  ave rage coord inat i on 

number) . 
4. Ori entation vec tor d i s tr i but ion( s )  ( not just s ing le va lued 

orientation)  i nc ludi ng : 
( a )  ori ent at ion o f  stre s s  ( or shock wave ) vec tor ( s )  wi th re spect  t o  

c rystallographic orientat ion vec tors wi thin the part i c l e . 
( b )  ori entation o f  stre s s  ( or shock wave ) vec tor( s )  wi th re spect t o  

each of the contac t point s wi th other part icle s .  
( c )  locat ion and ori enta t i on d i s tri but ions o f  othe r ,  near-c ontact 

point s wi thin the pa rt icle a s sembly . 

For a g iven shock wave i nt erac ting with a g iven par t i c le a ssemblage , t he 
pa s sage o f  the shock wave ( s )--through the mas s  o f  pa rt icles by means of 
exi s t i ng  contact point s and high probabi lity near-contac t point s a s  we l l  
( Figure 1 1 ) --wil l  b e  sens i t ive t o  the po s i t ion and orientat ion d i s t ributi on s  
descri bed above . 

In pri nc i ple , the materials-dependent c onsequences  o f  that shock wave 
passage ( e . g . , rearrangement , d i s locat ion slip and /or c limb ,  twinning , 
f rac ture , c ommunicat ion ,  me lting , j e t t ing ) wi l l  thereaf ter be d i sc ernable i n  a 
before-and-af ter compari son between the previ ously charac teri zed i ni t ial stat e 
and a post-shock charac teri zat i on o f  the c ompacted powder a s semblage in the 
f orm of s imi lar d i s t ri but ion func t ion s .  

The pas sage o f  a g iven shock wave ( inc lud ing mul t i ple arrival s ,  
re flec t ions , departure s ,  et c . ) through a given part icle or se t o f  part ic le s  
can be treated with ri gor only i f  all the s t a t i s t ical d i s t r i but ions l i sted 
above (and perhaps still others not ye t li sted ) somehow can be measured , 
d e f i ned , and/ o r  e s t imated . 
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FIGURE 10 Stat i s t ical dist ributions i n  pa rt ic le-part icle coord ination and 
changes in surf ace area and average c oord ination during densif ication 
obtained f rom comput e r-modeled packing and sinte ring of  compact s  of 
uniform ly s i zed sphe re s :  ( a )  e volut ion of  cood inat ional d i stribut i on duri ng 
densif icatio n ,  ( b )  change s in  surface area during densif ication , and ( c )  
changes i n  coo rd inat ion duri ng dens i f icat ion ( Hare 1980) 
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FIGURE 11 Computer-derived c ross-sections of  i nitial  and densif ied packings  
of uniform sphere s : (a)  cro s s  sec tions through uniformly s i zed part ic le 
c ompac t s  of d i f ferent green dens i ty , 00 , a nd ( b )  c ross-sections o f  
dens if ied ( but no t rearranged ) packing s  of uniformly sized sphe re s  o f  
d ifferent green density , 00• Note ac tual cont ac t  point s  and subsequent 
s int er i ng  i nterf ace s ( overlap ping , necks not d rawn) as we ll as other 
nea r-contac t point s exi sting between sphe re s  ( Hare 1980) 
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For almos t al l ceramics , and probaDly f o r  mos t  metal s ,  the loca l 
c oncentrat ions o f  compre ssive stre ss at c ontact point s  during dynamic 
compact ion g ive rise to large hydrostatic rest raining fo rce s tha t permi t 
extens ive p lastic f low processes  t o  occur locally at st rain rate s  f ar higher 
than could be tolerated by that material under normal static loading 
c ondit ions . 

Local temperature gradient s and d istribut ions may be extreme , and at  
least i n  pa rt , wil l  depend on al l the stat i st ical and spat ial d i s t ribut ion s  
d escri bed a bove . 

The micro s t ructural c onsequenc e s  of the shock wave t hrough such a 
part icle assemblage will depend sensit ively on the nature of  the material ,  t he 
scale o f  the experiment , o ther imposed c ondit ions , and t he basic parameters of  
the shock wave i t self a s  well a s  on the stat i s t ical dist ribut ion factors .  For 
most mat erial s , t he consequences hopefully can be de sc ribed in terms of a 
stati stically def inable distri but ion of bond type s and/o r  mo rphological 
f eature s re sult ing f rom a ll operable f low and frac ture mechani sms within a 
stat i s t ically def inable spat ial dist ribut ion . 

Fo r the dynamic c ompac t ion of  p owde r s , t hi s  whole ensemble of  highly 
variable cond i t ions , d i s t ribut ions , and othe r  factors cons t i tute s a ve ry 
f ormidable set o f  phy s ical and mathemat ical obstac le s ,  a set c learly capable 
of challe nging the bes t  theoret icians , modelers , expe rimenter s ,  and 
characteri zer s f or years t o  come . In t he rathe r  c lo sely all ied , although 
probably les s complex , f ield of sintering , many such theorie s and model s  have 
been d eve loped f or various part s of the whole densif icat ion proce s s . In f ac t , 
they alone generally have proven to be inadequate for making re liable 
predict ions of ac tual s interi ng behavi or from f irst principle s ( Exner et a l . 
1 973, Exner and Pet zow ,  1 980, Johnson 1 973, 1978 and 1 980, Palmour e t  a l .  
1 969). By analogy , and part icularly i n  view o f  i t s  greater complexity , models 
and theorie s for dynamic compact ion might well be expected t o  be simi larly 
i nadequate as � facto predic tors of exac t behavior . 

Howeve r ,  any such a rgument based on d i rec t pract ica l app licability alone 
i s  an obviously spuri ous one .  In t he committee ' s  view, it cert ainly doe s  not 
lead convi nci ngly to the negative posit ion that such theorie s and model s  ccn1:Ld 
hard ly be worth d eveloping . Ra ther ,  the relevant f ie ld o f  s intering has 
provided many example s o f  the great value that innovative experimentali st s 
(working sucessf ully i n  c omplex ceramic s ,  for  example) have a t t ributed t o  
enlightenment and guidance t hey have gained f rom t he avai lable ( although 
admit tedly somewhat s impli stic ) model s  and t heories  ( Davidge 1 973, Ko lar 1 980, 
Kolar and Stadler 1 978, Palmour and Huckabe e  1 978, Palmour e t  al . 1979, Reeve 
1 966 , S priggs  and Dutta 1 973 , S tui j t s  1 973). 

The emerg ing f ield of dynamic compac t ion of technolog ically usefu l 
pa rt iculates  o bviously need s t he early bene f i t  o f  better t heorie s , more 
sophi st icated mode l s , and more extensive ( and muc h more enlightened)  
e xperimentat i on . Theory ,  i nvention,  charac teri zat ion, and reduct ion to  
pract ic e  a re all requi red , and t o  be  effect ively developed i n  a t imely and 
c oord inated w� the f ield must  receive s uf f ic ient support t o  a llow all f our 
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a spec t s to  deve lop , and to be sustained int eract ively and itera t ively , in  a 
harmoni ous and mut ual ly support ive manne r .  

RECRYSTALLIZATION AN D  GRAIN GROWTH PHENOMENA DURING DYNAMIC COMPACTION 

In cont ra s t  t o the t rad i t iona l  solid s p roce s s i ng method s , i n  dynami c 
c ompac t ion a high s t re s s  i s  a pplied f or a s hort period of  t ime and st re ss 
re laxa t ion may be achieved during o r  sho rt ly afte r c ompac t ion by recovery , 
rec ry stallization ,  and g rowt h .  S imi larly , when me tal s o r  c erami cs are 
deformed by more convent iona l proces sing me thod s and hea t t reated , they als o 
wi ll re st ore t o  a s t re ss- f ree c ond i t ion by t he  same mechani sms . In t hi s  
la tter  case , howeve r ,  unles s the material i s  rather wel l  wo rked , i t  i s  l i kel y  
that s t re s s  re laxat ion wi ll be achieved large ly t hrough recove ry ( d islocat ion 
rea rrangement and vacancy remova l ) and secondary grain growt h proce sse s .  
Highly dynamic c ompac t ion,  howeve r ,  can lead t o  a h igh d egree of  
rec rystallization ( nuc lea t ion and growt h process  yield ing strain-f ree grains 
with high a ng le g rain  boundaries sweeping t hrough t he deformed material ) . The 
drivi ng force f o r  bot h  recove ry and recrystalliza t ion i s  provided by the high 
interna l  energy of t he d eformed s t ructure s , but t he energy rele ased by r ecove ry  
i s  about ten t ime s sma ller t han tha t by rec rystalliza t io n .  Propert y changes 
re sult ing f rom recove ry  u sual ly are less s igni f icant t han t hose re sulting from 
rec rystalli zatio n and the energy re stored by recove ry also i s  sma l l  compared 
to  t he high energy input d uring dynamic c ompac t ion . The g rain growt h proce s s  
to reduce t he int e rf ac ial energy become s ope rat ive when rec ry s ta l l i za t ion i s  
comp le ted but i t  is d oubt ful t hat t he lat ter proce s s  can be c omp leted wi t hin 
the relative ly short t ime span of dynamic compac t ion . Howeve r ,  f a c t o r s  othe r  
than the d riving force , also a re a pplicable t o  t he g rowt h process  i n  
recrystallized high-angle grain boundarie s .  The se impo rtant fac tors i n  
dynamic compac t ion i nclude : 

1. Chang e s  in  part icle c harac teri s t ic s  by r ecry s talliza t i on .  
2. Effec t s  of  s t re s s  magni t ude s .  
3 .  Ef fec t s  of d eforma t ion mode s .  
4 . Ef fec t s  o f  dopant s .  

Si nc e  t he stre s s  d i st r i but ion can be rathe r  hete rogeneous within a ·  
spec imen unde r compac t ion , i t  i s  conce ivable tha t  rec rystallization may occu r 
in cert ain highly s t rained p o rt ions wel l  befo re densif icat ion i s  c omp leted . 
Grain bounda ry migrat ion during rec rystallization may lead t o  the coalescenc e  
o f  s everal g rai ns and part i c le coar sening resul t s . S i nce the d rivi ng f o rce 
for g rai n bounda ry mo t ion i s  rathe r high and the pore mobi lity is relat ive ly 
low at low temp erature s ,  pore ent rapment wi thin the coale sced grains can 
occu r .  Consequent ly , rec rystalli zation i n  a loca l region o f  a porous compac t 
can chang e t he powder cha rac te r i s t i c s  a nd t he  green microstruc t ure bef o re 
dens if ication take s  p lace . Ano the r mo re impo rtant change i n  the powder 
charac teri stics  during compac t ion probably re su l t s  f rom t he f rict ional f o rce 
between pa rt icle s during the s t res s-imposed pa rticle rearrangement wi thin the 
compac t .  
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It i s  obvious t hat t he rate of recry stalli zat ion depend s on t he extent of 
deformation because the driving forc e  due to the high internal ene rgy i s  
provided by the deformation process and t he  nuc leat ion and growth processes of 
the recrystalli zed grain are related t o  the distribut ion of dislocation 
d ensity within the deformed solid . The propensity  f or recry stalli zat ion 
generally i s  desc ribed by the rec rystal lization limi t (i . e . , the minimum 
t emperature below which recry stal l i zat ion will not occur within a g iven t ime ) . 
In genera l ,  an inc rease i n  strai n dec rease s the rec rystallization limi t . 
Duri ng dynamic c ompac t ion a very h igh s train c an be expec ted . Therefore , even 
i f  the speci men under compaction i s  maintained a t  ambient temperature , i n-situ 
re cry stalli zat ion c an occur . Ad iabatic  heating during c ompac t i on f urt her 
promote s the rec rystallization proce s s . 

Duri ng  recry stalli zat ion ,  t he d riving f orce f or s train-i nduced grain 
boundary mi gration i s  due to  the d ifference i n  the s t rain ene rg ie s  on bot h  
s ide s of  the migra t i ng  boundary . Thus , t he driving f orce f or boundary 
migrat ion i n  a specimen under a hyd ro static s t re s s  i s  ident ica l to tha t  whe n 
the spec imen i s  i n  an unstressed s tate . However , s ome minor d i f f erence i n  the 
boundary mobility may be expected i n  a specimen under s t re s s .  Thi s i s  likely 
due t o  chang e s  i n  the solute diffusivi ty , grain boundary s t ructure s ,  and grain 
boundary ene rgy when a sample is under s t re s s . 

The differe nce in  t he s train dependences  of  t he nuc leat ion rate and t he 
g rowth rate  during rec ry stalli zat ion wil l  be ref lected in  the re sulting 
microstruc ture .  The nucleat ion rate usually i s  s low at low s t rains , but i t  
inc rease s signi f icant ly a s  strain inc rease s . The growth rate , howeve r ,  
i nc re ases rap idly at  low strains and becomes c onstant f o r  s t rains highe r  t han 
a certain value . During dynamic compaction , the nuc leation rat e inc reases 
rapidly at high s trains . Thus , the h igh-ang le , c ry stallized grain boundari e s  
have t o  migrate only a sho rt d i stance bef ore impingement o n  eac h othe r  and a 
f ine recry stalli zed mic rostruc ture re sult s .  However ,  a he terogeneous s t rain 
dist ribut io n wi thin a porous compac t may be expected . In regions wit h  low 
s trains , the nuc leat ion rate may be s low whi le t he growth rate is relati ve ly 
fast and the grain boundarie s may have t o  migrate a long d i stance before the 
imping ement a nd g rain coarsening s tops . C onsequent ly , t he re sult ing g rain 
size dis t ribut ion can be d i rec tly related to  the hete rogeneous s t rain 
d istri but ion in a material under c ompact i on . 

Recrysta l l i zation rate s have been found t o  be dependent o n  deformation 
mode s . Ba rt o and Ebert (1943) have shown t hat t he recry stalli zat ion rate 
inc rease s as the tens i le component of  a deformat ion stress  inc rease s and tha t 
the recry stalli zed grain s i ze result ing from tension i s  s igni f icant ly larger 
than that f rom compre ssio n .  The tens i le component probably inc rease s t he 
d islocat ion density t hat provide s a greater d ri ving f orce and a larger number 
of nuc leation s i te s  for  rec rystalli zation . During dynamic compactio n ,  when 
the mechanical impedanc e o f  t he specimen d oes not match t hat o f  the base o r  
subs trate , the ref lected wave can generat e a tens i le s t re s s  component i n  a 
local region of the s pecimen. Thus , a variat ion i n  t he re sult i ng  
micros t ructure o f  the specime n  ma y  b e  expected when subs t rate s or base s wi t h  
d iffere nt mechanical character i st i c s  are used . 
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A rap id d ef ormat ion rate has been s hown to g i ve rapid multiplicat ion o f . 
d i s locations and het erogeneous plastic  f low . A dec rease i n  t he f low s t re s s  
has been re port ed a t  h igh s train rate s .  Thus , t he high deformat ion rate 
during dynamic compact ion lead s to a greate r  propensity  fo r rec rystallization 
because o f  an i nc reased d islocat ion density . Heterogeneous p la s t ic f low c an 
further i nc rease the va riation in the size di s t ribution of the resultant 
micro structure s . 

The rate of rec ry stal l i zation a lso has been shown to be s t rong ly 
dependent on dopant content . In genera l , a dopant can reduce t he 
re c ry stalli zat ion rate s ignif icant ly and c an i nc rease t he minimum s t rain and 
temperature re qui red for rec rystallizat ion . It has been repo rted that 
re cry stalli zat ion of high puri ty aluminum { Demmle r 1956 ) a nd p ot assium 
chloride {Yan e t  al . 1 975) can occur a t  room temperature . Howeve r ,  the 
s olubi li t ie s  of dopant s i n  both met a l s  and c eramic s usually have a s t rong 
temperature dependenc e . When the compac t ion proce s s  i s  init iated at room 
t emperature , dopant s may exist  in the f orm of a s upersaturat ed solid solut ion 
or second-phas e  p rec ipitate s ,  depending on t he t he rma l hi sto ry of  t he powder 
pre pa rat ion proc e s s . Ad iabatic heat ing during c ompac tion may l ead t o  e ither a 
furthe r p rec ipitation or pa rt icle coale scence on dis so lution o f  the second 
phase i nto  the mat rix , depending on the kinet ic s  a s  we ll a s  the degree o f  
depa rture f rom equi librium a t  the compac t ion temperature . It  i s  obviou s tha t  
the thermodynamic s tate o f  dopant s d uring dynamic c ompact ion c an have a 
profound i nf luence o n  the rec rystalli zat ion proces s .  Consequent ly , t he 
re cry stal liza t i on kine t ic s  and mechani sms may vary s ignif icant ly depending o n  
the type and amount o f  dopant s a s  wel l  a s  the the rma l  hi sto ry o f  the powder 
and the c ompac t ion cond i t ions . 

A solute may affec t  both t he nuc leat ion and g rowth s tages  dur i ng 
rec rystalli zat io n .  It generally i s  be lieved tha t  bot h the nuc leat ion and 
growth rat e s  a re d ec reased , but probably a t d i f ferent rate s ,  by a s olute . It  
ha s  been proposed that solute s stabi l i ze d i s locat ion networks o r  low-ang le 
grain boundari es so that t heir  c oale scence t o  f o rm  nuc lei f or rec rystallizat ion 
is delayed . Solut e s  also can decrease the overal l mi sorientation acro s s  
s ub-c el l wall s  a nd , thus , dec rease the nuc leat ion rate . A reduct ion i n  t he 
stacking-fault energy can be caused by solute s ,  and thi s  can i nf luence t he 
perf ect ion a nd s ize of sub-c ells . 

There have bee n several t heories  o f  grain growt h  inhibi t ion by solute drag 
( e . g . , by Cahn , Lucke , and Stuve ) . The se theorie s e s sent ially assume an 
i nterac tion potent ial between an  impuri ty c loud and t he mig rating grain 
boundary . An a symme t ric solute dist ribut ion on bot h  s ide s of  t he migrat i ng 
grain boundary lead s t o an impuri ty d rag f orce . When t he mig rat ion rat e o f  
the grain bounda ry i s  suff icient ly fast , the solute dif fusion cannot keep pac e 
with the bounda ry and a b reak-away of  the solute c loud occurs . Thi s may lead 
to a change in the cont rolling mechani sm in grain boundary migration kinet ic s .  

Kreye and Ho rnbogen { 1 970) have reviewed t he rec rysta l l i zat ion proce s s  i n  
a sup ersaturated solut ion . The incubat ion time s for  the rec rystalli zation and 
pre c i pitat ion proce s se s  a re analy zed and s hown in Fi gure 12 . When the s train 
is re lat ive ly hig h ,  t r , the incubat ion t i me s  f o r  rec rystalli zat ion are much 
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shorter than for prec ipitation,  t p • Thus ,  recrystalli zat ion can be completed 
well bef ore any pre c ipitat ion can occur . However , when t p i s < tr in the case 
of a relat ively low s train , three different processe s  can be expec t ed . In the 
rang e  T1 > T > T2 , gra in boundari e s  ori g inate and migra te in the supersaturated 
s ol i d  s olut ion. At T < T2 , the gra in boundary mot ion is re tarded by the 
precipitating part icles . In  t he range T2 > T > TJ , d i s loca t ion 
rearrangement s for the format ion of re crystallizat ion front s and their mobi lity  
are re t ard ed i ncre asingly with increasing super saturat ion . Be low T3 , the 
particle dens ity i s  so  high tha t  all d i slocat i ons are pinned . Thu s ,  the 
recrystalliza tion kine t ics are contro l led by the precipi tat ion kinet ics . 

H ·  
N2 

1 
t 
... 

.. 
Ill 
� ..., 

'1'1 • ... 

f Ill ..., 
'1'2 ... • 

8 ... c. 
� u 
I. '1'3 

l.n t ( i ncubat ion time} 

FIGURE 12 Schematic t ime-temperature-tran sformat ion d iagram for 
re cry s t a l l i zat ion and pre c i p i tation processes { Kre ye and Hornbogen 1 9 7 0 ) 
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The most important attributes o f  the second phase af fec t ing recry s t a l l i zat ion 
in two-phase  alloy s are the part ic le s i ze , the vo lume f rac t ion , and the 
interpart ic le spac ing . Rec ry s t alli zat ion can be e ithe r  accelerated or re tard ed by 
the pre senc e of  d i spe rsed second-phase part ic le s . In general , accele rat ion i s  
as soc iated with c oarse part ic le s a nd wide interp art i c le spac ing s . I t  gene rally i s  
be lieved t ha t  widely spaced , coar s e  part icle s c reate local i zed s t rain 
c onc entrat ions a t  part ic le-matr ix interf ace s  and e nhance t he d i sloca tion ce ll 
format ion for recyrstalli zation nuc le i . Howeve r , re tardation in rec rystalliza t i o n  
i s  u sua lly reported in c ase s wi th f ine part icles and c lose i nterpart ic le spac i ng s .  
The c losely spaced , f ine part icle s lead t o  a more uni form d i s location di s t ribut i on 
wi th a les s pronounc ed cell s t ruct ure requi red t o  i nit iate recry s t a l li zat ion.  

I t is  obvious t ha t  the charac teri s t ic s o f  t he powde r used for  dynamic 
c ompac tion can affect the part i c le s i ze and t he i nterpart i c le spac ing . 
Avai lable techni que s  i n  ce rami c proce s s i ng and powder metal lurgy can be 
employed to  tai lo r t he powde r c harac teri stics  so that t he desi red 
rec rystalli zation behavior can be achieved during dynami c compac t io n .  
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Chapter  5 

DYNAMI C COMPACTION AND CONDI TIONING OF METAL AND CERAMIC POWDERS 

HISTORICAL BACKGROUND 

Re search on the dynamic c ompact ion o f  me tal and c eramic powders had i t s  
experimental beginni ngs primarily i n  the Uni ted State s i n  the 1950s and 1960s 
( Bergmann 19 66 , Bergmann and Barri ng t on 19 66 , Ca rlson e t  al . 1966 , McKenna e t  
a l . 195 5 ) . Subsequent ly , re sea rch intere s t  i n  (and /o r  support of ) the dynamic 
c ompa c t ion o f  powder s t ended t o  d imini sh in  the Uni ted States  but spread 
worldwi de , and by 197 3 substant ial contribut i ons t o  the scient i f i c  and 
techno logical l it erature i n  thi s growing f ie ld were ori ginating in We st  
Germany and the  Sovie t Union ( Bogdanov e t  al . 197 3 , Ku z ' min and Stave r  197 3 , 
PrUmmer 1 9 7 3 , Samsonov e t  a l .  1 9 7 3 )  with add i t ional ac tivi ty in Japan and 
elsewhere . 

COMPLEXITY-SPEC IFICATION 

From the s c i ent i f ic and t echno log ical vi ewpoint s ,  the overal l  t opic o f  
dynamic compact ion o f  powders i s  both  comp lex and very mult i face te d . 
Co nsidered in  re tro spec t , i t  become s evi dent that the f ield has been d eve loped 
by us ing the combined intere s t s and talent s of a worldwide , d i s t i nct ly 
mult i d i sc ipl inary gro up o f  scient i s t s  and eng ineer s .  Obviously not a l l  o f  
t hem have sha red a l l  common int ere s t s  or  certainly not a l l  t o  the same degree . 
I t  i s  not surpri sing , there fore , t o  f ind considerable evi dence i n  the 
l i terature of  d i sc ipline-oriented speciali zat ion;  thi s  i s  true even o f  
o therwi se exce llent general reviews that have thoro ughly t re ated cer t ain 
speci f i c  a spect s  o f  the  overall subjec t mat te r .  Physici s t s  gene ra lly have 
wri t ten f or o ther physicist s ,  met allurg i s t s  f or other metallurg i s t s , et c . , but 
few have ad dres sed the whole f ie ld comprehensively . 

REV IEWS OF THE STATE-oF-THE-ART 

Experimental methods and eng ineering parameters f or achi evi ng dynamic 
compact ion of powders of many sort s have been di scussed by PrUmme r  ( 19 7 3 ) ,  
Clyens and Jo hnson ( 19 7 7 ) , Roman and coworkers ( 1980) , Roman and Gorobt sov 
( 19 8 1 ) . The fundamental physics o f  shock-wave s and shock-induced deformat ion 
processes have been reviewed by Davi son and Graham ( 19 7 9 )  and Grady ( 1980 ) .  
Li n and Nad i v  ( 197 9 )  have reviewed a variety o f  mechanical and mechanochemica l 
t ransf ormations known t o  occur during c omminution proces ses  and have point ed 
out the similari t y  be tween shock-induced phenomena and those that occur in 

4 1  
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more convent ional comminution processe s .  In the opinion o f  the committe e , 
there exi s t s  a regre ttable paucity o f  reviews o r  o the r c i table references t hat 
spec if ically addres s the uniquely material s-oriented a spect s o f  shoc k wave 
phenomena a nd re sultant deformation proces se s  a t  t he s t ructural a nd  
defec t-st ructura l ( i . e . , molecula r )  leve l s  of  concern.  

CHARACTERIZATION OF SHOCK-INDUCED CHANGES I N  PART ICULATE MATERIALS 

Since t he mid-19 60s much addit ional ref inement has t aken p lace i n  
characteri zat ion methodology i n  genera l  a s  bet t e r  instrument s and data 
reduct ion method s have become a va i lable ( McLa ren and Ot t  19 78 ) . Howeve r , many 
of the ba si c  procedure s st i l l  i n  use were being uti l i zed for  characteri zations 
o f  s hocked powder mate rials in  t he d ef ini t i ve experiment s o f  Be rgmann and 
Barrington ( 19 6 6 ) , and those whose work followed c losely the reaf te r .  Among 
these a re t he f ol lowing : t he moni toring o f  dynamic compac t i on by f lash X-ray , 
density change , and s imi lar procedure s  ( Be rgmann and Barrington 196 6 ) ; 
analysis  o f  X-ray l ine-b roadening a s  evidenc e  o f  s hock-i nduced substructure 
( Be rgmann and Barrington 196 6 ,  Hecke l and Young blood 196 8 ,  Klei n  and Rudman 
19 66 ) ; t he c haracterization of  thermal re leases o f  annealable exces s  e nergy by 
means of  dynamic differential calorime t ry* ( Palmour e t  a l . 196 9 ) ; and t he 
d i rect transmi s sion e lectron micro scopic o bservat ion o f  d islocation a rrays i n 
shocked f ine powder s  ( Palmour e t  al . 19 6 9 ) , and in impac t-induced fracture 
fragment s by means of extract ion replicas ( Kim and Pa lmour 19 70,  Pa lmour et a l .  
19 6 9 ) . Some example s a re given i n  Figure s 13 -17 . 

Impre ssive e vidence o f  the extremely c omplex , heterogeneous , a nd  o f ten 
highly locali zed material s deformation re sponse s ,  i nc luding sintering , grai n 
growth,  recrystallizat ion a nd e ven melting , t hat result from t he intense 
force s and very sho rt t ime durat ions o f  shock-wave phenomena i n  a cerami c 
powder have been provided by t he recent high voltage t ransmi s sion e lectron 
mieroseropie stud ie s  by Yus t  and e o-worker s  ( Figure s 18- 21) . These stud ie s 
were c arri ed o ut on  ion-beam thinned f oils  o f  a lumina and o ther ceramic 
material s that had bee n explosively compacted by Hoenig and e o-worke r s  ( Hoenig 
e t  a l .  1 9 7 5 , Ho enig and Yu st 1980 ,  Yus t  a nd  Ha rri s 1 9 81 ) . 

DYNAMIC COMPACTION ROUTES 

In e ssence , dynamic c ompact ion t echnique s may be d ivided into two g eneral 
categorie s wi th re spec t t o the route t ha t  can be taken t o  achieve the f ina l 
densif ied product : d i rect and i nd irect ( Figure 2 2 ) .  

*Dynamic d ifferent ial calorimetry ( DDC ) t echniques represent a low t hermal mas s 
adaptation of  the basic different ia l  thermal analysis  ( DTA) technique ; DDC i s 
now more broadly known a s  d ifferential scanning c alorimetry ( DSC ) . 
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a 

FIGURE 13 F las h X-ray rad i o graph s s howing me chani sm o f  exp lo s ive shock 
tre atment of  powder s. As semb l y  b e fore d e t ona t ion of e xp l o s ive ( a) and 
a s semb ly immed iate ly  after  i n i t i a t ion o f  exp lo s i o n  (b) . A.  c e rami c powder ; 
B. t ube wa l l ;  C . e xp l o s ive ; D .  t arg e t  t r i gger t o  a c t u a t e  X-ray t ube s ;  E .  
s hoc k fron t a dva nc i ng i nt o  powde r ;  F .  de tonat ion f ro nt ; G .  detona t ion 
pro duc t s. ( Bergmann a nd Bar r i ng ton 1 9 66 ) 
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Unshocked Control 
Li nde A vs. Sapphire 

Explosively Shocked 
VI. Sapphire 

Explosively Shocked 
VI. Unshocked Control 

Explosively Shocked VI. 
Same Material Annealed 
Thraa Times at 1 200°C 

3 cal/gm 

Energy Reference 
Q • Quartz VI . Sapphire 

800 900 1 000 1 1 00 1 200 
TEMPERATU R E  (°C )  

577 

FIGURE 14 Dynamic differential calo rime t ry of explosively shocked Linde A 
alumina powde r ( Bergmann and Barring ton 1966 , Pa lmour e t  a l . 1 9 69 )  
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G R AMS OF EXPLOS I V E/I N2 OF TUBE SU R FACE 

FIGURE 1 5  Line broadeni ng B as a func tion of amount of exp losive .  Data 
plotted for d if f rac t i on peaks noted i n  parenthe se s  ( h1k. ) .  E�p1os ive 
shocking tube d iameter • 1-1 / 8 inc h  ( Be rgmann and Barrington 1966 ) 
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Unshoc:ked Control -I \ I \ I \ 

I \ I \ 

X- RAY D I F F RACTION ANGLE, DEG R EES 8 

FIGURE 16 Line Bread t h  B o f  the ( 1 1 3 )  X-ray d i f f rac t ome t e r  peak o f  Al203 
bef o re and af t e r  exp1oive shock t reatment ( Be rgmann and Barringto n 196 6 )  
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....... 

0 . 1 �  

FIGURE 1 7  Direc t t ransmis s ion e lec t ro n  microscopy of  explo sive ly shocked 
Li nde A p owder on c arbon support f ilm. L i nde A p owder , T EM  X60 , 0 00 .  
Large y -A1203 f locks have been broken and di spersed . Some 
neck-gr owth regions in a-A120 )  grains ( i nd icated by arrows ) have been 
broken. As tericks locate c ont rast e f f ec t s  c ons idered to be s it e s  o f  
shock-induced impe rfect ions i n  seve ral d if ferent a-Al203 grains 
( Bergmann and Barrington 196 6 )  
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F IGURE 18 Extensive plast i c  defo rmation i n  dynamically compac ted alumina . 
Intense t ang le s  o f  d i slocat i ons a re vis ible within t he i ndividual grains , 
whose typ ica l diameters  wil l  corre spond t o  those  of  the start i ng materia l .  
Al so note some loc al evidenc e s  o f  grain boundary s liding ( d i sp laced t ri p le 
point s ) , and cracki ng ( Yus t 198 0 )  
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FIGURE 19 Extens ive p las t i c  deformat ion and locali zed recrystallizat ion and 
grain growt h  i n  c entral region of c ylinder o f  dynamical ly c ompac ted a lumina . 
Not e  wel l-rounded poro s i ty a t  top and bot tom o f  la rge recrystallized grai n ,  
and region o f  c olumnar grains a t  bot t om o f  f igure . Both f ea ture s a re 
ind icat ive o f  locally high temperature s ,  nea r Tm ( Yus t 198 0)  
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FIGURE 2 0  Co lumna r grai n growth on ad jacent , previously me lted rack ( or 
boundary )  f aces in  cent ral reg ion o f  cylinder o f  dynamica lly c ompacted 
alumina , TEM . In thi s locale , ene rgy density  during passag e  o f  the shock 
wave was s uf f ic ient ly high to  c ause bri e f  localized surf ace me lt ing 
( Tm 2050°C )  t o  a d epth o f  l-2 � m , a s  evidenced by c o lumnar grain 
growth (normal t o  the me lt surf ace )  duri ng subse quent c ooling ( Yust  19 80) 
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FIGURE 2 1  Detai l o f  ind ividua l  dis locat ion s  and d i s locat ion array s wi thi n 
a grain at  the half-r ad ial position i n  a c yl inder o f  dynamical ly c ompacted 
alumina , TEM . Shoc k-induced s t rain c learly i s  present i n  the f o rm of 
d islocat ions . The operat ive s lip sys tems were not l imited t o the basa l 
p lane , which i s  o riented i n  the ve rt ical d i rection ( Yus t 1980)  
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F i n i s h e d  Pro duc t 

FIGURE 2 2  Schematic presentat ion o f  a lternat e proces s route s f o r  dynami c 
compaction and/o r  c ondi tioning of metal and c eramic p owders ( Linse 1980) 
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Direc t Compact ion 

In d irect d ynamic c ompac tion,  t he i ntense s hock wave d ens i f ie s  t he 
powde r ,  wit h  o r  wi thout externa l heating , t o  the f ina l densif ied produc t 
that d oes  not need any subsequent t hermal o r  mechanical processing t o achieve 
f urthe r  densif icat ion or int e rparticle bond ing . The compac tion t ime i s  
extreme ly s hort ( >lO O � s ec ) ;  t herefore , t he u sual kine t ic proce sses f or 
densif ication , all o f  which tend t o  have longer t ime constant s ,  are s trongly 
i nhibited .  

The degree o f  densif ication and bonding t ha t  c an be achieved by d irec t 
dynamic compac t ion under certain f avorable cond i t ions for se lec ted , o therwis e  
d if f icult t o  f o rm  p art iculate materials has been t ruly impressive ( Figure 2 3  
and Table 3 ) . Generally , compaction i s  accomp lished a t  ambient o r  room 
t emperature ( co ld c ompac t ion) in re lative ly s imp le s hapes such a s  cylindrical 
or  f la t plat e co nf igurations . Although compac t ion achieved in  thi s manner 
has t he potent ial to y ield a produc t with e s sent i a lly no t he rma l  e ff ec t s  on 
the materia l , there are a numbe r of  inheren t problem s  associated wit h  thi s 
approach.  These inc lude t he t endency t o  f o rm  c racks i n  a ll but t he mos t 
duc t i le material s , t o  have dens ity and prope rt y grad ient s ,  and t o  have lowe r 
than desired s trength leve l s  d ue t o  incomp lete i nterp art ic le bond ing . The 
problems become more severe wit h  the le s s  than re sponsive material s such a s  
c eramics . 

One opti onal route o f  d irect c ompac t ion t hat has s een l imit ed but 
apparent ly succes sful app licat ion ha s been tha t  of e levated temperature o r  
hot d ynamic c ompac t ion ( Go robstov a nd Roman 1 9 7 5  and Li nse 1980 ) . In t h i s  
approach t h e  powder i s  heated t o  an e levated temperature jus t prio r t o  
c ompact ion i n  o rder t o  improve t he f low capabi lity o f  t he material d uring 
compact ion t hus reducing it s  tendency to crac k .  In add i t ion , t he yie ld 
s treng th of the material may be lowered d epend ing on t he material and i t s  
temperature , t hu s  permi t t ing achievement o f  mo re uniform density wit h  a 
lesser amount o f  e nergy t han would be required f or c o ld c ompac t ion. The 
po tent ial exi s t s  f o r  a numbe r of material s to achieve f ine grained or uni qu e 
m icro st ruc ture s t hrough t he c ontrolled c ombinat ion o f  i nduced s train and 
temperature . 

There a re o bvious ly many incomplet e ly unde rs tood and unso lved t echnical 
problems associated wit h  direc t dynamic compac t ion ye t to be ove rcome ( e . g . , 
e limination o f  cracking , m inimi zat ion o f  density and property gradient s ) . 
For les s re sponsive mate rial s and more comp lex geome t rie s , the economic 
attainment o f  art ic le s  having near-net s hape--and a h igh d egree of 
struc tura l integr i t y--by d i rec t compaction s t i l l  remains techno logically 
d if f icult ( e . g . , Fi gure 2 4 ) . 

The unde rlying cause s f or t hese remnant p roblems in  d i rec t  dynamic 
compaction processes have in genera l  no t bee n inve s t igated sys t ematically 
i n  u. s. programs . The c ommi ttee i s  aware o f  many opportuni t ie s  f or 
systematic scient i f i c  and technologica l advance s  in  t hi s  important  area , and 
re cognizes a c lear nat ional need f or a wel l coord inated program of sustained 
support for re sea rch and development i n  t hi s  f ie ld . 
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( a ) 

( b )  ( d )  

FIGURE 2 3  Example s o f  successful appl icat ions of  d i rec t dynami c compac t io n  
hot c ompac ted t echno logy t o  a variety o f  metal and c eramic p owders : 
( a )  tungste n ,  ( b ) B4C-U02 , ( c )  Ti-6Al-4V a l loy , ho t compac t e d ; and 
( d )  S iAlON ( Lins e  1 9 8 1 )  
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Ta ble 3 Ma t e r i a l s Compac ted b y  Di re c t  Explo s i ve Techni que s 

Me t a l s  

Tung s te n  ( hot a nd c o ld ) 
Bery l l ium 
Mo ly bd enum 
Tant a lum 
Ti t anium 
S t ee l s  ( p la i n . c a r bon 1 t oo l )  
Co ppe r 
N icke l 
T .  D .  n ic ke l' 
S t ai n le s s  S t eel s ( 30 4 1 310 1 40 5 )  
W-R 
w- cu 

Ce rami c s  

D i amond 
Grap h i t e  
Boron 
002 
MoS i 2  
Nb2Be1 7 
Al 20 3  
MgO 
we 
BeO 
Cr203 
BN ( hot and cold ) 
S i C  
TaC 
ZrB2 
LiH 
PbT i03 

Me t a l-Ce ramic s  Combi na t i ons 

Be-e 
OOrS/ S 
TaC -W 
w-e 
Ni-Al20 3 
Ti-TiC 
cu-e 
BN-W 
CuN i-C 

Other Ma t e r i al s / Combina t ions Compac t e d  

Tef lon-W 
Te f lon-Be 
St ee l  F i be r s in Al uminum 
Boron F i be r s  i n  Aluminum 
Be ry l lium F i be r s  in Aluminum 
Amo rphou s Me t a l s  

Sourc e : v .  D .  Li nse 1 9 8 1 .  

Be-W 
Fe-w 
Cu-Ni 
Cu-Zn 
Co-Be 
Ti -6Al-4 V ( ho t  and cold ) 
Nicke l  ba se supe ra l loys 
Al-N i 
W- Ni-Fe 
Hayne s S t e l li t e™ 2 5 
Hayne s S t e lli t e™ 31 
Z i rc aloy-2 

oc 2- c  
Al2 oro o2 
Gra p hi t e - 002 
Graphi t e  - TaC 
Graphi t e  - ZrC 
Ti O - TiC 
Fe 2C -Fe 3C 
Fe 3C-C 
S i C-Z rB2 
S i C-Mo S i2 
SiC-B4C 
S iC-Z rC 
S iC-TiC 
S i C-Diamo nd 
oo2-B4c 
ZrB2-BN-MoS i 2 
S i a lo n  

W-TH02 
S i C-Cl 
S iC-Ni 
C-Ni 
Di amond-Ni 
we -co 
w-oo2 
W-TaO 
W- Z r02 
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( a )  Mount ed and poli shed c ros s-sec t ion op t ical 
mac rog raph , X6 . 6 7 Note 1)  extensi ve f rac turing 
and 2 )  t he rmal d i f fusion hea t  affec ted zone s .  
Very coarse pore s wi thin t he eccent rically­
posit ioned mach s t em ( Zone A) are ind icat ive 
of me l t i ng in t hi s "ove r-sho t "  spec imen , coup led 
wi t h extensive bloat ing re su l t i ng f rom ent rapped 
gase s . 

(Figure 24 continued ) 

( b ) Mic ro s t ruc tural d e t a i l s  at intersec t ion 
o f  poli shed , t he rma lly  e t c hed su rface ( lowe r 
port ion) wi t h  large pore ( upper po rt ion) in 
Zone A, SEM Xl 7 50 . Note 1)  coarse and 
f ine pore st ruc t ure s  and 2 )  we l l-de f ined 
co lumna r grains a t  t he sol id-la rge pore 
interf ace . 
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( c )  Mic ro s t ruc tura l de t a i l s  i n  Zone B on 
t he rmally e t c hed su rface , SEM , XlO , SOO . 
Not e  pore s  and evidenc e s  of  sub-g rain boundarie s .  

( F igure 24 cont i nued ) 

( d )  Micro s t ruc t ura l det a i l s  in  Zone poli shed , 
C on poli shed , t he rmally  e tc hed surfac e , SEM , 
Xl 7 , 500 . No t e  def ini t e  bi omodal cha rac t e r  of  
grain s i ze s ,  s i ze s ,  and loc a l  evidence s of  
sub-gra i n  bounda rie s . Thi s loc al reg ion  
seems dense , but t he overa l l  zone cont a i n s  
much c lu s t e r  poro s i t y . 
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( e )  Mic ro s t ruc t ura l d e t a i l s  i n  t rans i t i on be tween 
Zones C and D, polished and t he rma l ly e tched 
surf ace , SEM , Xl 7 , 500 . Not e  subst ant i a l  reg ion 
of c luster poro s i t y  a t  uppe r lef t , and sha rp 
int e r f ace be tween the f ine midf ie ld gra ins and 
the large rec ryst a l l i zed fo reground grai n .  

( f )  Mic ro st ruc t u ral de t a i l s  in  zone re g ion 
surf ace , Zone D ,  p o l i s hed and the rmally etched 
surf ace , SEM , Xl7 , 500 . Note pat c he s  of  c lu s t e r  
poro s i t y  inte rspe r sed in a f ie ld of  o t h e rwi se 
we l l  c ompac t ed f i ne grains . 

F IGURE 24 Mic ro s t ruc t u ral va riat ions i n  ho t exp los ively compac ted alumina . T-6 1 AlzOJ , D0 
0 . 58 , preheated to 'V 2100°F ; cyc l i nd r ically compac ted at 'V 4 500 m/ se c ( axial ) ,  50-70 Kbar . 
Di scolorat ions ad j acent t o  t he Mac h S t em re sulted f rom ac id  d ige s t ing of  the s t e e l  containe r ,  and 
a re ind icat iv� of connec t ive pores and / o r  cracks in concent ric , heat-af fec ted reg ions ( Zone B )  
( Linse 1980 and Pa lmour and Kim 1980 ) 

\.11 
00 
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Ind i rec t Compac t ion 

The indirec t a lternat ive route s  ( Figure 2 2 )  c an y ie ld o ther important 
techno logical benef it s deriving f rom t he locally intense material s alteration s  
which c an b e  i nduced by s hock wave phenomena . I n  o ne  a lternat i ve route , 
s temming f rom the work o f  Be rgmann and Barrington ( 19 6 6 ) , the powdered 
material i s  "c ond i t ioned" or "act iva ted" by an appropri ate s hock-wave 
treatment and subsequent ly i s  densif ied t o  f i na l  state by a s lowe r ,  mo re 
c onventional t he rmally act ivated d ensi f icat ion proces s ( e . g . , hot pressing , 
ho t i sosta t i c  pre s si ng , high pre ssure ho t-pressing , sintering , annealing ) . 
The e ssence o f  Be rgmann and Barrington ' s  ( 19 66 )  experiment s i s  summari zed 
below ,  and the broader a spec t s  of a two-stag e  proce s s  sequenc e-shock 
cond i t ioning , f ollowed by c onvent ional d ensi f icat ion ,  a re t hen d i scus sed in 
greater detail i n  subsequent  sect ions . 

Po wder s o f  several  c eramic materials were s ubjec ted t o explos ive shock 
wave s and the i r  attendant change s in physica l prope rtie s were stud ied . S t rong 
X-ray l ine broadeni ng was o bserved a nd c orre lated with lat t ice s train and 
c rystalli t e  s i z e  reduct ion . Ve ry f ine pa rticle s i z e  S iC and B4C could be 
produced wi thout int roduc ing impuri t ie s . 

These shock-c ond i t ioned c eramic p owders were f ound t o  be unusua lly 
re sponsive to s intering operations . Whe n suc h powders were cold pressed by 
conve nt ional means i nt o  c ompac t s  and t hen f ired , t he result ing s intered 
materia l wa s considerably dense r and s t ronge r t han controls  mad e from 
unshocked mat erial ( Figure 2 5 ) . The subs tant ially higher s intering activi ty 
of  shocked ceramic powder s i s  be l ieved t o  be related t o  the int roduction o f  
larger number s  o f  defec t s  ( s train) i nt o  t he c ry stal latt ice b y  t he shock 
t reatment . Use of  suc h shoc k-cond i t ioned ceramic powde r s  in convent iona l o r  
unconventional c eramic f abrication proce sses may provide a unique way t o  
produce mat erials wit h  improved micro s t ructure and propert i e s . In f act , the 
experimenta l  evidence sugges t s  t hat s hock t reatment o f  c eramic powders 
corre spond s to col d-working i n  meta l s . If it is assumed tha t  such co ld-worked 
c eramics behave s imi lari ly to cold-worked metals on  s ubsequent heat t reatment , 
i t  can be hypot he s i zed t ha t  such materials should d i splay the phenomenon of 
primary recrystallization when heated to some minimum t emperat ure ( Klein and 
Rudman 196 6) . Thi s i s  no t no rmally observed i n  ceramic s  and i t  would pe rmi t 
an add i tional degree o f  f reedom i n  c ontrolling t he microst ruc ture of  such 
ceramic s .  

Cl early , t he expe rimental and c oncep tual f oundations f or t hi s  
f undamentally intere sting and potent ially techno logically impo rtant material s 
d ensificat ion procedure had been laid , primari ly i n  the Un ited S tates , before 
1968 . Much of  t ha t  early momentum i n  t he United State s waned , but t he subjec t 
was t aken up by researc hers e lsewhere . �or examp le , Soviet  literat ure 
( Davi son and Graham 197 9 ,  Graham and Dod son 198 0 )  shows some smal l  act ivit y 
in 1 9 67-1969 , and a number o f  papers  d ealing wi th explosive s hock e f fec ts in 
refractory compound s and hard material s i n  19 71-19 7 3 ; othe r  related effort s on 
s uch subjec t s  as optically t ransparent mate rials a nd  p ie zoe lec t r ic ceramics 
continue to the present . Similarly , Japanese studie s of  shock condit ioni ng of  
hard materials ,  part icularly z incblende-s tructured boron nitride ( BN ) , were 
conduc ted in 197 2 -19 7 4 . 
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FIGURE 2 5  Ef f ec t s  of s hock cond i t ioning of va rious ce ramic powde r s  upon subse que n t  
dens i f icat ion ( Be rgmann a nd Ba rr i ng t o n  1 9 66 ) 
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6 1  

Successf u l  coupl ing o f  explos ive shock condi t ioning o f  such powders with 
subsequent very high pre ssure hot pressing technique s has been stud i ed at 
severa l d i f ferent Japane se c enter s , i nc lud ing the Tokyo Inst it ute of 
Te chno logy under Saito  ( 197 8 )  and Sawaoka e t  a l . ( 19 7 4 , 197 7 and 197 8) . 
Japa nese work has c ont inued wi th a number o f  other mat erial s , i nc lud ing 
aluminum ni t ride , boron carbide , si licon carbide , si licon ni t ride , or  
combinat ions o f  them. For example , one recent Japanese pap er describes 
substant ial s t rains introduced by dynamic impac t of S i 3N4 powder prior to 
s int e ring ( Kawada and Onod era 1980) . The impacted powders were hot pressed at 
5 G Pa and 12 oooc ,  and the re sult ing c ompac t s  had dens i t ies greater than 99 
percent o f  theore t ical . It  is  int e resting t o  not e  t ha t  the impact i ng wa s done 
s imply by dro pping a 3 t onne we ight  from a height of  2 50 mm onto an 
enc apsulated precompressed pa rt iculate compac t (40 mm in diameter by 20 mm 
thick) ; t he d ynamic pre ssure las t ed less than 50 s ec . As evi denc ed by X-ray 
the amount of s train stored in the impac ted powders wa s c learly re sponsible 
f or the d ens i f icat ion ;  if the re s idual in s train was less t han about 5 
percent , the non-oxide s were no t effec t ively densified . 

MODELING OF DENSI FICATION OF SHOCKED CONDI TIONED ( OR OTHERWISE ACTIVATED ) 
POWDERS 

Evi denc e re lat ing t o  the act ivat ion of ceramic powders by vari ous 
def ec t-int roduc ing means i s  g iven by the experimenta l f ind ings of Lewi s and 
Lindly ( 19 64 , 1965 , 19 66)  with ball milling ;  Pearson ( 19 6 8 )  wi th dry mil l ing ;  
Bergmann and Barrington ( 196 6 , 196 8 )  wi t h  explosive shocki ng ; and Mo rgan e t  
al . ( 1 967 , 19 68) with mechanical s t rain.  Based on thi s evidenc e ,  and adap t ing 
i t  i n  earl ier kine t i c  model s for  ho t pre s s i ng and sintering ( Palmour and 
Jo hnson 19 67 , Pa lmour e t  a l .  1 9 6 6 ) , i t  was point ed out by Pa lmour and 
c o-workers ( 1969 ) tha t : 

" • • • dens i f icat ion processes a re re spons ive t o  a t  least f ive independent 
experimental variable s ,  temperature , remnant poro s i ty , remnant surface 
are a ,  appl ied s tre ss and t he c oncentra t ion of  nonthermodynamic defect s ,  
which re present annealable excess  internal ene rgy . An empi rical model 
f or densif icat ion kine t i c s  incorp ora t ing the se vari able s ha s been 
propo sed which provide s for nonlinear dependences of dens if icat ion rat e 
upon poro sity  and s tress  • • •  " 

F i gure 2 6 schema t ically summari zes the principal  fac tor s whi ch mus t be 
cons ide red as variable s i n  any dens if icat ion proce s s .  The ba sic  d riving forc e  
f or densif ica t i on der ive s  from the t otal remnant surf ace e nergy . An apparent 
thermal act ivat ion ene rgy , Q,  mus t  be overcome in  going from the le s s  dense t o  
the more d ense s tate , s o  t empera ture i s  obvi ously import ant . As the c ap t i on 
implie s ,  the kine t i c  relat ionships will also be determined i n  part by t he 
remnant poro sity a nd by externally appl ied stresse s , i f  any .  An import ant 
add i t ional  fac tor  had been int roduced , and wa s ident if ied as the annealable 
excess  energy ,  q ,  whi ch provides f or t he possibi l i t y  o f  kine t ic cont r i butions 
resul t ing f rom o r  as sociated with nonthe rmodynamic defec t s  int roduced in t he 
materi a l  by pre strain,  irradiat ion damage , or o ther energ e t ic t reatment s  
occur ri ng prior t o  ( o r  eve n  duri ng )  the process of densif icat io n .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

D y n a m i c  C o m p a c t i o n  o f  M e t a l  a n d  C e r a m i c  P o w d e r s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 4 0
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FIGU RE  2 6  Schematic re presentation o f  ene rgy relat ionships inf luencing 
densi f ication kine t ics a t  any g ive n porosity  and s tress  ( Palmour , Brad ley , and 
Johnson 196 9 )  

When the evi dence about t he ro le o f  annealable exces s int ernal energy i n  
dens i f icat ion wa s taken int o  account , the kine t i c  re lat ionship wa s considere d 
by Pa lmour e t  al . ( 19 69 )  t o  t ake the f orm : 

dD/D d t  • A( l-D )m ( as + O e ) n e xp ( -(Q-q ) / RT ) )  
0 < ( dD/Dd t )  < ( dD/D d tmax > 

(9 ) 

where dD/D d t  i s  the rate of  dens i f icat i on* : dD/D d tmax the maximum 
safe rate of dens if ication;  D the fract ional dens i t y  • 1 - P • PIPth ; 
P the frac t ional porosity • 1 - D ;  p the dens ity i n  g/c ml ; Pth the 
theore t ical density; Q the appare nt act ivat ion energy f or mas s t ransport ;  
and q the apparent excess int erna l  ene rgy assoc iated wi th annealable 
defec t s . 

As deno t ed by the condi t ion that the dens i f icat ion rat e  be kept  below a 
maximum saf e  rate , dD/Dd tmax • i t  clearly wa s int ended t ha t  the dens i f icat ion 
proces s be subjec ted to ra t e  contro l ( Kri egel et al . 1964 , Pa lmour and Johnson 
196 7 , Palmour and Huckabee 197 8 ,  Palmour e t  al.  1966 and 197 9 ) . 

*dD/D d t  • sy • , dv/v d t ; in a hot pre ssing d ie wi t h  constant c ro s s-sec t i onal 
a re a  dD/D dt • £ • d l/ d t . 
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Future Pro spect s--Shock Cond i t ioni ng and Subsequent Dens i f icat ion 

In considering the present s tatus and fut ure potential  of two-st age 
proce s s ing of shock-c ond i t ioned powder s ,  i t  is conve nient to  t reat the two 
s tage s separate ly ,  at  least  f rom the experimentali s t ' s  viewpoint . The two 
s teps wi l l ,  f or exampl e ,  be rather l ike ly t o  be carri ed out i n  separa te , 
often d i stant faci lit ie s  and by persons drawn from qui t e  d i f f e re nt 
pro f e s s ional background s such a s  shock wave phy s ic s  and/ or mechanical 
e ngineering and ceramic and /or powder metallurgy proce s s i ng , sinteri ng , e tc . 

PRECONDI TIONING OF POWDERS BY SHOCK-WAVES 

The bas ic parameters for accompl i shi ng thi s pha se of the two-s tage 
proc e s s  were we l l  establi shed by Be rgmann and Bar ri ng ton ( 1966 ) and their  
appl icabi l i t y  t o  a number of oxide and non-oxide sys tems of  t echnological 
i nt ere s t  were demons trated ( Barri ngton and Be rgmann 19 68) . The prima ry 
g�als  o f  the s hock-induced precond i t i oning s t ep are c onside re d  to be uni form 
int roduc t ion of  substant ial mi cro s trai n (up t o  �5 percent ) ,  wi th or wi thout 
comminut ion,  in par t iculate mas se s of economic s i ze . Idea lly , the shocked 
powder mas s  should be e i t her f ree of cracks and f laws and very uni formly 
c ompac ted to some int ermediate leve l o f  density  f rom which s tate it can be 
furthe r  dens if ied d i rec tly by sintering or hot pressing , or suf ficient ly 
fri able t o permi t c omminution and re compact ion to as sure the attainment o f  
some uni f o rm , substant ially f law-free , high leve l of green dens ity  by 
c onvent ional pro c e s s  means pri or t o  f i nal dens i f icat ion. For mo s t  
mat erial s ,  the lat ter  course seems more likely t o b e  succe s sful a s  a 
re liable pro c e s s  method . 

The uniformity cri terion a t  the powder c ond i t i oning s tage i s  an 
important one f o r  the succes s of dens i f icat ion in the sec ond s t age and , f o r  
mos t  ma terials , i s  c onsidered almos t  t o  prec lude the e f fec t ive use o f  
cyl indrical geome tries f o r  explos ive shock precond i t i oning t reatme nt s .  
Several author s have noted the marked rad ial gradient s ( in t erms o f  energy 
dens i ty , t emperature , i nterna l s trains , grain s i ze , etc . ) tha t  re sul t from 
expl os ive c ompact ion in such cyl indr i cal conf igura t ions ; Greenham and 
Ri cha rd ' s  ( 19 7 0 )  carefully documented study i s  one excellent example ( se e  
also Fi gure 2 4 ) . Therefore , emphas i s  in future re search and deve lopment i n  
thi s a rea probably should b e  placed on the attainment of economi c , 
contro lled means f or uni form , substant ial ly plane-wave shock t reatment s o f  
powder ma s se s . Me thodologie s f o r  both explos ive and ga s gun generat ion for  
pl ane-wave s hock geometries  are we l l  known. 

The se powder precondit ioni ng goal s d i f f e r  in several s i gni f i cant 
re spec t s  from those that would ap ply in the case of d irect c ompaction o f  
powd ers t o  f ina l dens ity and /or near net shape . For example , i t  i s  c learly 
desirable t o  s train all i nd ivi dual part ic les uniformly but it is perhaps not 
nece ssary , or eve n  undes i rable , to  bond them toge t he r . Much of  t he 
avai lable l iterature re ally treat s only d irect c ompact ion rather than 
precond i t ioning per se . Rather d i f f erent cri t e ria for part icle s i z i ng , 
pre compact ion , enc aps ulat ion and shock-wave parameter s  ( ve loc i t ies , 
pre s sure s ,  dwell  t ime s ,  e tc ) , are l ikely to be required if  precond i t i oning 
of such powder s i s  t o  be fully opt imi zed and brought under c lose control . 
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Dens i f ica t i on of Shock-Cond i t ione d  Powders 

The ba sic  goal s (dens if ica t i o n ,  bond i ng )  of thi s final step  of  the 
t wo-pha se pro c e s s  are not s ignif icant ly d i f ferent from tho se of conventi onal 
dens i f icat ion processes such as  sint e ri ng ,  ho t pre s s i ng ,  and hot isostat i c  
pre ssing . To the se may b e  added other auxilliary re quirement s such a s  gra i n  
growth cont ro l and /or pre servat ion of metas table phase s . The bas ic 
thermal ly a c t ivated transport mechani sms ( princ ipally surface , gra in 
boundary and volume dif fusion) already are we l l  known , and their  re spec t ive 
ro les in the vari ous s tage s of the ove ra l l  den s i f icat ion process  are the 
cont inuing subjec t of vigorous scient i f ic inqu iry and debate ( Exner e t  al . 
19 7 3 ;  Exner and Pe tzow 19 7 3 ; John son 19 7 8 ,  1980 ; Coble and Cannon 19 7 8 ) . 
Though t here i s  abundant evidence that shock-induced pre s train and the high 
conc entra t ions of  re sul t ing cry s talline defec t s  have a pro nounced benef icial 
effec t on the s interabi l i ty of shock-cond i t ioned powders and some a t t emp t s  
have been made t o  account--a t lea s t  emp iri cally--f or the obvious e f f ec t  o f  
pre s t rain on the dens if icat ion kine t ic s  in such systems , there i s ,  at  leas t 
f or ceramic s ,  no sound fundamental treatment at the mechan i s t i c  leve l t o 
account  theore tica lly for the re sult i ng  enhancement of densif icat ion.  

Unf ort unately , mo s t  of the e f f ec t ive demons tra t i ons of  enhanced 
sint e rabi l i t y  of shock-cond i t ioned part iculates have been experimenta lly 
conf ounded in o ne or more sense s .  Thus , clear attri but ion o f  the ove rall  
enhancement in s interabi lity  t o  c e rtain spec i f ic phases of the complex 
dens if icat ion pro cess  wi ll be needed in the f ir s t  s tep to ident i fy the 
various effec t s  of  dynamic shock cond i t i oning in s tep one on ( 1 ) pa rt i c le 
comminut i on and ( 2 ) interna l  s train per se , and in the second step on ( 1 )  
green compact ion ( and i t s  uni formi t y) , ( 2 ) part icle coordination 
d i s t ri but ions in the green c ompac t ,  and ( 3 ) the rma l re sponses ,  inc lud ing the 
onset of  dens i f icat ion , the onse t of  pore entrapment , grain growth ,  e tc . To 
date , mos t  the rmal processing of such shocked materi als has t ended to be of 
the "brute f o rc e "  kind involving f a s t  ra t e s , high temperature s ,  hi gh 
pre s sure s ,  e tc . Such " power" method s work af ter  a fashion but o f ten mask 
important intermediate stage event s and se ldom yield opt ima l  dens i t ie s  
and/ or micro s tructure s . 

I t  c an be arg ued that the more intense the shock-condi t ioned pre s tra in,  
the highe r  the  total excess  ene rgy per  unit volume in the green compac t a t  
any g ive n leve l of  gre en dens i t y  and , hence , the gre ater t he risk  of 
d i s s i pa t i ng that ene rgy needle s sly in o ther thermally ac t iva ted processe s , 
which might not re sult in ac tual dens if icat ion. Of a l l  known f iring 
procedure s ,  only the rate-control led process  me thodology developed a t  Nort h 
Caro l ina S t a te Unive r s i ty ( Kri egel  e t  a l .  1964 , Barnes 1967 , Pa lmour 1 9 7 2 , 
Palmour and Johnson 196 7 , Palmour and Huckabee 197 5 and 197 8 ,  Palmour e t al . 
1966 , 196 9 ,  197 7 and 197 9 ,  Ha re and Pa lmour 197 8 )  provide s inhere nt ly f or 
f eedback-control led release  of t hat energy in way s and a t  ra tes that  can 
be s t  t ra nsf orm it i nto  maximum uti liza t ion toward ac tua l dens if icat ion. 
Al though rat e-controlled dens i f icat i o n ,  known to be very effect ive in 
achi evi ng near-op t imal densif icat i on of conventional ly proces sed ceramic 
mat erial s and in yield i ng contro l led uni form f ine mi cros truc t ure ( Fi gure s  2 7  
and 2 8 ) , wa s f ir s t  pro posed for hot pre s sing or s intering o f  shock-c ond i t ioned 
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materi al s a lmo s t  15 years ago ( Pa lmour e t  a l .  1 9 6 9 ) , n o  systema t ic exper imental  
ap plicat ion o f  the  rate cont rol sintering technology t o  shock-cond i t i oned 
powder s has y et been f ound in  the l i t era ture . 

>-1-
iii z w 0.85 c 
w 
> 
i= 0.75 :3 w a: 

0 

u 
Log Decreasing 0-region � 

Second Linear Region � 
t � w 1-

3 4 

T I M E  F ROM ONSET OF SH R I N KAGE (H RS) 

( a) (b) 

FIGURE 2 7  Schematic  compa risons be tween conve nt ional  temperat ure sinte ring 
( C TS )  and th ree- s t age rate contro l led s interi ng ( RCS ) pro f i le s :  ( a )  
Dens i ty-time , ( b) temperature-t ime plot s ( Palmour , Huckabee , and Hare 197 7 ) 

F IGURE 2 8  Micro structure s i n  s intered alumina a s  func t i ons o f  dens i f icat ion 
path (CTS , RCS ) , achieving same dens i t y  (D • 0 . 9 9 )  over same t otal 
dens i f icat ion t ime ( t  • 3 + 0 . 1  h r ) : ( a) CTS , 15 30°C , 2 hr soak;  ( b) RCS , 
p eak t emperature � 15 600C ,

-
no soak. Note : t yp ical gra in s i ze rang e s :  

CTS 1 . 8-5 . 2 � m ;  RCS 1 . 2-2 . 8 � m (Palmour , Huckabee , and Hare 1 9 7 7) 
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Chapter 6 

C HARACTERIZATION OF DYNAMICALLY COMPACTED METAL AND CERAMIC POWDERS 

Dynamic compac t ion mit igates  the usual mic rostruc tura l change s as soc iated 
w ith c onvent ional p owder processing but i t  c an and f requent ly does  bring a bout 
large microst ruc tural change s .  Foremost i s  the gross f rac turing on bot h  t he 
macro sc ale and microscale . The g un work of  Morris ( 1 979 ) and Raybould ( 1 9 7 5  
and 1980 ) and the explo sive studie s of PrUmme r and coworke rs ( Balzerowiak e t  
al . 1971 )  have d emons trated t hat t he gross f racture can be mit igated . The 
detailed mic roscopic feature s characteri stic of material s compacted by dynamic 
mean s have not been charac terized f ully but t ransmi ssion e lec tron m icroscope 
( TEM) studie s of dynamically compacted me tal s and alloy s have bee n  publi s hed . 
At Lawre nce Livermore Na t ional La bora tory c ylindrically compact ed s t ruc tures 
of aluminum ni tride ( AlN) and alumina ( Al203 ) formed at 30 to 4 0  Kb have 
bee n  examined using TEM techniques .  ( Hoenig and Yus t 1981) . The compac ted 
samples were ion milled to t he prope r t hic knes s .  Th e edge s of t he samples 
were strained to the point that individua l d i s locat ions could no t be 
d istinguished . In t he case of AlN , m icroc racking was minimi zed al though t he 
sample wa s f rac tured on a macroscale along the center axi s . 

Figure s 29  i llus trates  t he TEM s t ruc ture s of hot pres sed AlN and Figure 
30 po int s out the high d i s location dens i t ie s  near the edge of an explosive ly 
compacted AlN samp le . Fi gure 31 s hows t he core region of t he  same exp losive ly 
compacted AlN and one notes the recrystallized struc ture wit h  fewe r 
d i sl ocat ions . The main point i s  t hat cyli ndrically compac ted samples 
f requent ly have a st ruc ture that change s cont inous ly wit h  po sition as one 
proceeds f rom t he outs ide t o  t he c ent e r .  

It i s  evident t ha t  at least  four type s of characte rizat io n are needed to 
under stand the details  of d ynamic compac t ion of metal and ceramic p owders : 

1 .  Charac terization of t he start ing powder ( including chemical , part icle 
and c rystallite d imens ion ,  X-ray lat tice measurement s ,  surface area ,  
density o f  part ic le s , shape d i s t ribution and d i stribut ions , et c . ) .  

2 . Charac ter i zat ion of t he i ni t ial pressed powder contained in  the d ie 
f ixture ( includi ng green dens i ty , poros ity , and texture detail s ) . 

3 . Charac teri zat ion o f  t he expe riment in  t e rms of t he pre ssure-t ime-
temperature relat ionship ( in real t ime ) of the projec t ile or 
explosive on t he pressed powders . 

4 . Characterization of the resulting compact both axially and radially 
( i nclud ing dens i ty versus posi t ion and the grain s i ze data and shape 
observat ions based on detai led me ta llographic as we ll as X-ray TEM 
studie s ) . 

71 

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

Dynamic  Compact ion  o f  Meta l  and Ceramic  Powders
h t tp : / /www.nap.edu/ca ta log .php?record_ id=19440

http://www.nap.edu/catalog.php?record_id=19440


7 2  

FIGURE 2 9  TEM of  ho t pre s sed AlN ( 6 0 , 000X)  ( Hoeni g and Yus t 1 981) 
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FIGURE 3 0  TEM mi d-rad ius of explosively compac ted AlN ( Hoe nig and Yus t  19 8 1 )  
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F IGURE 31  TEM cent ral core o f  exp losive l y  compac ted AlN ( Yust  19 8 1 )  
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An example of work t ha t  charac teri zed the expe riment bu t did  no t hand le 
t he powder i s  g iven in t he work of Boade ( 1 9 68 and 1 9 70) . Va ri ous Soviet 
re searchers ( De ribas 197 7  and Gubareva 197 7 )  did no t relat e the experiment 
measurement s t o  t he details  of t he f inal c ompac t ion microst ructure . 

Dynamic compac t ion may avoid some undes i rable e f fect s of convent iona l 
p owder proce ssing ;  however , i t  c learly produces uni que modif ications i n t he 
materia l .  A study i s  needed t o  charac terize , i n  detai l , the state  of selec ted 
materials bef ore and a f ter s hock c ompac t i on.  Detai led s tudie s  o n t he e f fec t  
of  these s t ructure s o n  furthe r  thermomechanical processing them should be 
carri ed o ut . 
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Chapter  7 

DYNAMI C COMPACTION MODELING AND CODES 

Mo de ling will be an extremely i mportant tool t o  t he under stand ing and 
uti li zat ion o f  the dynamic compact ion proce s s .  

There are a variety o f  codes avai lable to  calculate various one- , two­
and thre e-d imensional problems . The mos t  popular code  i s  called HEMP and i t  
was d eveloped by W i lkins ( 19 69 ) ; versions of  i t  are p ubli shed by othe r  
labo ratorie s using different ac ronyms . Th e  HEMP program solve s the equations 
of cont inuum mechanics f ormulated in Lagrange c oord inate s .  The 
f ini t e-diff e rence ope rator s are centered in space and time to give 
s econd-o rder accuracy . Incremental p lasticity t heory i s  f ollowed t o  describe 
la rge plasti c deformation wi th rotation . The von Mi se s hypothesi s i s  applied 
in a manner to satisfy impl icitly the f low law t hat require s t he 
plasti c-s trai n-rat e vectors to be no rmal to the yield surfac e .  

Othe r  versions o f  Lagrange c ode s i nc lude EP IC-3 d eveloped by Jo hnson a t  
Minneapoli s Honeywe l l . EPIC-3 i s  a f init e  element code . Work by Holmqui s t  a t 
Lawrenc e Livermore Na tional Laboratory on Lagrange f inite e lement programs has 
proven ve ry successful and 2-D and 3-D versions exi s t  wit h  name s o f  Dyna 2-D 
and Dyner 3-D . I t  i s  c laimed that the se p rograms are more e f f i c ient and 
effective than the f ini t e  difference code s .  The Lagrange code s are considere d  
more accurate a nd  cheaper i f  the problem d oe s  not i nvolve t oo larg e  a 
d i splaceme nt . If  massive deformations are involved , a code wi t h  Euleria n 
coord inates i s  needed , and t he c ode developed by Mat suka and Du rret called 
HULL is in f requent use . 

The import ant point i s  t hat t here a re a l arge number o f  c ode s that 
require va riou s  input parameters such a s  material strength , the rma l  sof tening , 
and f racture i n  vari ous mode s .  The main problem i s  t hat t he re i s  no 
sat i sfactory material de script ion for the dynamic compaction proce s s . Fo r 
example , one c annot take s low s t rain rate data such a s  might be o btained f rom 
a t riaxia l test  and re produce what happens i n  a dynamic compaction.  The 
material re sponds i n  a d if ferent way d epending on i t s  p owder propert ies ( i . e . , 
size , shape , impuri t ie s ,  etc . ) and the mechani sm by which i t  densi f ie s  ( He rman 
1 9 6 9 ,  Hoenig e t  a l .  19 77 , Ho lt e t  al . 1 9 7 3 ) . Al203 i n  i t s  dynamic 
compact ion tend s  to ap proach the hyd ro stat very quickly , whic h  probably i s  
c au sed by frac ture o r a l iquid-surf ace-l ike bonding due t o  f r ictional 
effect s .  Meta l  sample s ,  on the othe r  hand , exhibi t signif icant plasti c  
re sponse and do not need the "melting phenomena" t o  c onsolidate . The e f fec t 
of the b reakup of  surface f i lms also i s  no t t ractable by current code s ;  in 
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pa rt icular ,  t he e f f ec t  o f  this breakup o n  resultant propert ies a nd d ensity i s . 
no t sati sfactorily hand led . The technology of  dynamic compaction c learly 
need s appropriate materials models in o rder to c alculate and extrapolate a s  
the computer code s current ly exi st . 
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Chapte r 8 

PRACTICAL AND POTENTIAL APPLICATIONS 

Ap pl icat ions of t he dynamic c ompact ion proce s s  have been minimal 
primarily because ( 1 ) it ha s  no t bee n eco nomically compet i t ive wit h  powde r 
fabri cat ion t echnique s , ( 2 )  f ull understand ing of  t he p r oce s s  ha s been lacking , 
and ( 3 ) no sustained , coordinated e f fort ha s been put fort h to  bring the 
proc e s s  t o  a s ta t e  where i t  c an be employed f o r  prac t ical applicat i ons . 
Di scussed be low are a rea s in which some limi ted application of the proce s s  ha s 
been f ound o r  in which s ome reali stic  potent ial exi s t s  f or f uture applicat ions . 

SYNTHESIS AND TRANSFORMATION OF MATERIALS 

Althoug h a hybrid aspec t of dynamic compac t ion is no t d i scussed in detail 
in thi s  report , t he synt he si s  and t ransformat ion of  mate rials under shock 
cond i t ions re pre sent an ext reme ly impo rtant area . P rac t ical  and c ommercial 
ap plications for t he whole area trea t i ng t he synthe s i s  of d iamond and dense 
boron ni tride have been found , and an excellent summary review of t hi s  area 
has been made by Davi son and Graham ( 1 979 ) . A detailed a nd complete study of 
the state of the art and pote ntial  of  synthesi s and transforma t ion by shock 
compre ss ion is  recommended by t he c ommit tee . 

POWDER CONDITIONING 

The committee believe s t hat t he two-s tep hybrid proce s s  in which powders 
are p recond i t ioned by shoc k t reatmen t and subsequently densif ied by mo re 
c onvent ional proce s se s  has exce llent p otent ial for  t he f abricat ion of ce ramic 
st ruc ture s t hat cannot be fabricated us ing ei the r  convent iona l  processing o r  
d irec t dynamic c ompac t ion . The potent ial t o  e nhance s i nte ring and cont ro l 
grain  size i s  exce llent ; howeve r , cons ide rable re search and deve lopment e f fo r t  
will b e  requ ired t o  bring t hi s  area t o  f rui t ion. 

POWDER FORMING 

Powder f orming or c ompac t ion to a f ini shed powde r prod uc t  has i nvoked the 
mo st  interest  in the process  through t he years ; howeve r ,  i t  ha s had ve ry 
l i t t le prac t ica l app li cat ion. Raybould ( 1980 ) c i te s  t he f abri cat ion of we ar 
re s i stant a lumi num-steel component s as wel l  as drilling bi t s  wit h  insert s by 
gun c ompac t i on .  At p re sent , there a re no known prac t ica l applica t i ons of 
d i rect  exp lo sive compac t ion in the Uni ted State s .  There are a numbe r o f  
potent ial  app licat i ons f o r  which dynamic compac t ion would be particularly we ll 
suited { Table 4 ) . The se app lica tions wil l  no t be rea li zed unt i l  a sustained 
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and coordinated effort i s  made to deal with the unde sirable side e f fec ts ( e . g ,  
c racking , dens ity  and property grad ient s ) , a s  we l l  a s  t o  gai n  a be tter  ba sic 
understand ing of the proce s s .  

TABLE 4 Potent ial  App lication s o f  Dynami c Compac t ion 

Area of Appl icat ion 

Ga s t urbine d i sks 

Ga s turbine blade s 

Ceramic coat ing s on metal pa rt s 

Composite s 

Bearing s  

Magne t ic t ransf o rme r mate rial s 

High alloy tool s t eels 

She l l  ca sing s 

Roc k drilling bit s 

Machining bit s 

High temperat ure materials 

Abrasive s  

Materials of In tere st 

Made f rom RST powde r or f rom mel t -spun 
r ibbon 

Made from RST powde r or mechanically 
alloyed p owder 

Comparable t o  Zr02 coat ings now 
applied by plasma sprayi ng to superalloys 

Inco rporation of f i bers  int o  powder 
blend s wi thout di ffusion 

Binderle s s  S i3N4 

Fe alloys produced a s  ribbon ( amo rphous )  

Fo r use a s  d ie s ,  o r  wi th h ighe r  or 
d i fferent carbide content s that  can be 
i nc luded i n  thi s low temp process  

Al/ Al203 for rif le and gun us e 

Bonding and fabrica t ing oi l wel l  
d ri l l i ng  head s 

BN , diamond 

AlN ; ma te rials  f or coal bu rn ing 
apparatus ; covalent mater ial s for ga s 
tu rbine s 

Diamond , al read y comme rc ial 
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RAP IDLY SOL IDIFIED MATERIALS 

In recent years unique types of alloys and materials have emerged based 
on rapi d  solidi ficat i on and cooli ng te chno logy . The amorphou s ,  mi crocrystalline , 
or metastable s tructure s i n  the se materials yield very unique mechanical and/ or 
physical prope rtie s .  The se mat erial s ,  however ,  cannot usually be subjected t o  
the e leva ted t empera ture s necessary to  fabri cate them int o useful struc ture s 
wi thout the los s of the ir unique propert i e s . Dynamic compact ion offers  the 
potential solution to thi s problem in that i t  can be accomp l i shed at tempera ture s 
wel l  be low those at  which the rapidly solid i f ied materials may lose the i r  unique 
s tructure s and propert ies . Work has already been conducted by Morri s ( 19 7 7 )  and 
Cline ( 1977a  and 197 7 b )  wi th rapidly solidif ied materials ind icat i ng the 
potent ial impor t anc e  of  dynamic c ompact ion i n  thi s are a .  
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Chapter 9 

PROBLEM AREAS 

SAFETY 

S ince the dynamic compac t ion proc e s s  i s  a ssoc iated wi th high e nergy 
source s ,  high ve locity rate s of compac tion , and ext reme ly high pressure s ,  
t here i s  proper c onc ern about i t s  safety . Al though safety must be a prime 
considerat ion i n  utili zing the proce s s , t hese conside rat ions are nei t her 
unre asonably demand ing no r l imi t ing to t he  extent t hat the use of dynamic 
compac tion procedure s  would be prevented o r  become economically unattrac t i ve .  

Pro jec t i le launching guns and high s peed f orming machine s generally can 
be integrated rather closely wi th othe r  manufacturing f ac i l i ti e s  and 
oper ations by u se of basically standard machi ne safety proc edure s .  

On the other  hand , compac tion ope rations invo lving explosive s  re qui re 
c ons iderably g reater safety precautions . The se princ i pally involve the need 
to isolat e ( of ten remotely )  the compac tion ope rat ion f rom a l l  other 
manufac turi ng f ac i li t ie s  and operat ions . The procurement , t ransport at ion , 
storage , and handling of the explo sive s  themse lve s must be done only by we l l 
t rained and qualif ied personne l t o  ensure the safety o f  t he operat ion . The se 
func t ions are cont ro l led by exi sting f ede ral , state , and local laws and 
regulat ions . 

The site f or an explosive compac t ion o peration must be selec ted and s e t  
u p  so  t hat the blast and debr i s  f rom the de tonat ing exp losive wi l l  be contained 
or not cause any harm t o p ersonne l or prope rty . Th is wi ll most o f ten mean t hat 
the site  must be remote . Some blast containment chambers and bui ld i ng s  that 
a llow explosive f abrication operat ions such as c ompac t ion to  be accomp l i shed 
c lose t o  or actually in othe r  manufacturing f aci litie s  have bee n  cons truc ted 
and are bei ng used ( Fling and Linse 1972 ) .  The se containment s t ruc ture s ,  
howeve r ,  usually are limited to  exp losive quant i t ie s  of approxima tely 100 
pound s or less . 

Elevated t emperature o r  hot dynamic compac t ion wi th explosive s  is an 
ope ration in  which safety cannot be ove rstre ssed because of t he requirement t o 
place t he heated container and material t o  be d ensi f ied in extreme ly close 
proximity wit h the explosive . Thi s is  accompli shed through rap id remo te 
t ransf er of t he heated material into t he explo sive system and immediat e 
detonat ion of the explosive . It i s  a proces s  tha t  should be carried out onl y 
by those who a re ext remely knowledgeable about bot h  explos ive s  and dynamic 
compac tion . 
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ENV IRONMENTAL CONCERNS 

The mos t signif icant envi ronmental c oncern with respe c t  to dynamic 
compac t ion i s  noise . The noi se leve l a s soc iated wit h  the proce s s  genera lly 
i nc re ases wit h  i nc reasing ve loc ity and / o r  e nerg y  o f  t he operat ion.  In order 
t o reduce the noise leve l  to accept able level s ,  it often wi l l  be nece s sary to 
locate  the ope ra t i on i n  s ound-reduc ing enclo sure s or barri ers . In t he case o f  
explo sive s , pa rt icula rly when large quant i ties  are requi red , remote  s i t e s  wi l l  
be requ i red a s  d i scus sed above . 

A second but normally less important environmental co ncern i s  t he ga seous 
detonat ion produc t s  of explosive s . Alt hough the se produc t s  contain oxide s of 
carbon and nit rogen , t he t otal quant i t i e s  gene rated have a negligible 
envi ronmental impact . 

ECONOMI C CONSIDERATIONS 

The economic a spec t s  of dynamic compac ti on probably have been one of the 
maj o r  deterrent s to i t s  comme rc ial acceptance in  the United S t a te s . In 
general , dynamic compac t ion i s  c ons iderably more expensive t han t he st andard 
powder conso lidat ion techni ques when ut i l i zed t o  fabr icate mos t  powder 
materials  and s t ruc ture s .  One of t he major reasons f or t hi s  lack of  economic 
compet i t iveness i s  as soc iated with the low product ion rates t ha t t hus far have 
been achieved with dynamic c ompac t ion. 

The ult imate acceptance of d ynamic c ompac tion wi ll be in t hose app licat ions 
in which economic considerat ions are secondary . Thi s wi ll  re sul t when : 

1 .  La rge compac t s  are requi red t hat are beyo nd t he s i ze of  more st andard 
conso lidat ion capabi l i t ie s .  

2 . Unique charac teri stic s o r  prope rt ies i n  t he material re sulting f r om 
t he dynamic compac t ion proce s s  are de sired ( i . e . , f ine grain 
s t ruc ture , act ivat ion for  sintering , etc . ) .  

3 .  Unique charac teri s t ic s  or prope rtie s in t he starting powde r mus t be 
re tained t hrough t he compac t i on operat ion ( i . e . , amorphous st ruc ture , 
f ine grain s t ructure s , etc . ) .  Thi s i s  part icularly re le vant when 
e levated t emperature s c annot be tolerated . 

4 .  Pre s sure s higher than those achievable by standard consol idat ion 
techni que s are required t o  compac t and d ensify high strength powde red 
material s . 

GEOMETRIES , SHAPES , SIZES , AND SCALING 

Dynamic compac tion i n  g eneral has been l imi ted to t he produc t ion of 
component s having re lat ively s imple geome t rie s and shape s .  The se shape s 
normal ly include p late s  ( Figure 3 2 )  and rods and cylinders ( Figure 3 3 )  alt hough 
some slightly more complex component s such as the no zzle and hemi sphe re shown 
i n  F i gure 3 3  can be c ompac ted when an i nte rnal mandre l having the desi red 
geometry can be employed and subsequently removed af ter compac tio n .  Explosive 
c ompac t i on i s  part icularly sui ted f or the produc tion of long cyclinde r s  or 
tube s havi ng large length-t o-diameter ( L/ D )  rat io s .  Machine or  gas gun 
compac t ion , typ ically resul t s  in t he low L/D ratios t hat are assoc iated wi t h  
more conventi onal powde r pre s s ing and s inte ring techni ques . 
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FIGURE 3 2  Explosively compac ted T . D .  nicke l  plat e wit h  ove rall size of 
lxl4xl4 i nc he s  ( Linse 1981 ) 
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FIGURE 3 3  Geome t ric shape s compac ted wi t h  explosives : tungsten nozzle 
( l eft ) ;  Ti-6Al-4V cylinder ( t op ) ; 3 04 stainle s s  steel hemi sphe re ( r ight ) ;  
and Beryl lium Rod ( bot tom) ( Linse 1981 ) 
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In gene ral , dynamica lly compacted compone nt s ,  pa rt icularly t hose made by 
e xplosive compac t i on ,  have not been made to near net-s hape . Ga s gun and /o r  
machine compac t ion offers the potential f o r  fabricating component s t o  f inal 
net shape ( Raybould 1 980 ) . As with many o the r aspec t s  of t he dynamic 
compac tion process , the real capability  t o fabricate near-ne t-s hape component s 
has not been inve s t igated to  any great extent . 

With re spect t o  s i ze , mos t  component s f abricated t o  dat e are relative ly 
sma l l .  Fo r example , most cylindrical samples compacted by explo sive s  are on 
the o rde r of  1 inch in diamete r  by 5 t o  6 inche s  long . Tit anium and s teel 
alloy cylinde r s  up to 4 i nche s d iameter  and 10 i nche s long have been 
exp losive ly compac ted in the United S t ate s (unpubl i shed data on dyanmi c 
compact ion f rom v .  D .  Linse , Batte lle Co lumbus La bo ratories ) .  Compac t s  i n  t he 
me ter range have been repo rted but the commi t tee has not been able to ve rify 
or subs tant iate t hese report s . The largest f ully-reported p late or  s lab 
compac ted by exp losives i s  t hat shown i n  Figure 3 2 . 

At prese nt compac t s  made by t he gas gun are 2 t o  3 inche s in d iamet e r  and 
are limited by the s i ze of the guns bei ng used { pe rsona l communicat ions f rom 
c .  F .  Cl ine , 1981 and D .  Raybould , 1 981 ) . Guns are avai lable t hat could 
produce compact s  up t o  6 inche s  in d iame te r . As wa s noted earlie r in thi s 
re port , howe ver ,  t hese larger guns are predominant ly used f or e laborat ely 
inst rumented experimental work and are not necessarily suited for produc tion 
type powder compact ion . 

Almo st no inf o rmation has been reported concerning attemp t s  t o  sca le up 
the dynamic compac t ion process to  produce la rger compac t s  or to  dete rmine size  
limi tat ions . Before s caling can be seri ously addressed , t he problems mo re 
basic to the proce s s  such as cracking , density , property variat ions , e tc . , 
must be more t horoughly understood and solved . As t he  proc e s s  i s  scaled up t o  
produce large r s i ze s , t hese problems a r e  expec ted to become more severe . In 
add i t ion , t he sca le ult imately achieveable will be l imi ted to  t he maximum 
energy source t ha t  can be pract ically employed . In thi s case , explo sive 
compac t ion can be expec ted t o  p roduce much larger produc t s  t han gas guns and 
machine s . The cost of a gas gun much larger than those pre sent ly in exi stence 
would be prohibi t ive .  

CRACKING 

Crack f ormation during t he dynamic c ompac tion process i s  t he  most se rious 
unre solved technical problem assoc iated wit h  the proces s .  Thi s problem has 
been observed in almo st all dynamically compac ted materials with the excep t ion 
of the ve ry low s t rengt h ,  duc t i le me tals  such as pure aluminum and coppe r .  
The tendency f or c rac k f ormation and int ensi t y  o f  c racking inc rease s a s  the 
compac t approache s theore t ical dens i ty . 

Li nse ( 1981 ) has ident if ied t hree basic type s o f  c racking t hat are 
encountered in dynamic compac t ion . The se are i l lust rated i n  Figure 34 and are 
descri bed below. 
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(a) RADIAL (b) TRANSVERSE (c) SPI RAL 

FIGURE 34 Type s of c racking encounte red i n  dynamic compac t ion : ( a )  radia l ,  
( b )  t ransverse , ( c )  spiral 
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In cy lindrical compact s ,  radia l  cracks are f ound radiat ing f rom t he 
c enter axi s of t he c ompac t ( Figure 34a) . They a re a r e sul t of exce s s i ve 
compac tion energy in  the compres sive shock wave conve rging o n  the centra l  
axi s .  At t he c ent ral axi s ,  t he c ompre s s i ve wave reflec t s  as a te nsi le wave 
caus ing the c rack format ion . If the compre ssive wave intensity i s  suf f ic ient ,  
me lt ing can occur .  a long the c e ntral axis , of ten accompanied by a ho le along 
t he axi s . The hole i s  a f urthe r  indication tha t the inte rac t ing shock i s  of 
such i nt ensi ty t hat it f o rms an extremely high pressure region a long the 
cent ral axi s that i s  known a s  "mac h di s k" o r  "mach stem . "  

Radial cracking mo st  o f ten c an be e liminated by reduc ing t he e nergy and 
p re ssure input i nt o  the compac t t o a level such tha t  i t  d i s s ipate s just a s  i t  
re ache s the cent e r  axis  of  t he c ompac t . The prec i se e s tablishment of the 
ene rgy and pre s sure leve l s  require d t o  achieve a uni form and f ully dense , 
c rack f ree cylindrical c ompac t i s  d if f icult . 

Transve rse c racking (Figure 34 b)  occurs i n  bot h cylindrical and f la t  
p late c ompact s .  It  re sult s f rom t ensi le s t re s s  and longi tudinal movement 
induc ed during compac t io n .  In f lat p late compact s ,  i t also can re sul t f rom 
lat eral movement of t he c ompac t .  When t he tens i le s t re s s  and movement oc cur , 
t he c ompac ted powde r mate rial  doe s no t have suf f icient strength  o r  duc t i li ty 
to ac commodate t he s t re s s  and movement . Th i s  type o f  c racki ng of ten can be 
eliminated by providing be tte r edge and end const raint s on the powder duri ng 
compaction .  

S piral c racking ( F igure 34c ) i s  t he most uni que and po tent ially the mo st  
seve re ,  pa rt icularly when scale-up is  attemp ted . I t  occurs  in  cylindrical 
compact ion and t end s to  i ncrease i n  seve r ity a s  t he i nhe rent bri tt lene ss of  
t he mate rial being compacted inc rease s . During cylind rica l compac t ion,  
dens i f icat ion or c ompac t ion progre s se s  f rom the oute r surf ace of  t he cy linder 
into the central axi s . The outer  po rt ion of  the compac t whic h  dens i f ie s  f i rst 
must c ont inue t o  move inward t o  ac commodate the d ens i f ication 
of t he inne r por t ion of  the c ompac t . If  the densified reg io n doe s no t have 
the abi l i t y  t o  uniformly p last ically f low a s  i t  move s  inwa rd at a high 
ve locity , i t  f o rms shear cracks . In o rde r to  mai ntain the i r  orient a t ion to  
the progre ssing c omp act ion f ront , they spiral inward to  t he cent e r  and along 
the lengt h of the cylinde r a t  a compound angle . The e l imination o f  thi s type 
of c racking has no t been re so lved ful ly a lthough hot or e leva ted t empe rature 
compac tion ha s succe s sfully eliminat e d  it in a numbe r of high s t re ngth me tal  
a lloys  that are highly susceptable t o  spiral-shear cracking when c o ld 
compac ted (V . o .  Linse 1981) . 
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ENERGY SOURCE CONSISTENCY 

Much of t he  inf o rmat ion f rom past work on explo sive compac t i on bas been 
inconsistent , wi t h  l i t t le abi lity t o be corre lated re tro spectively . The 
commi t tee bel ieve s  t hat t his  i s  c aused primari ly by inconsi stency of the 
energy source--the explosive . Mos t  explosive s  used for dynamic compac t ion 
are c lassif ied as  nonideal explosive s .  The explosive s  are c omp lex and are 
diff icult to  unde rstand and contro l f rom a pe rformance viewpoint . As a 
re sult , very f ew individuals are capable o f  �·

tili zing t hese exp losive s in a 
manne r t hat  yie ld s  the desi red , consistent , and predictable energy input 
into the powder compac t with t he desi red , c onsi s tent , and pred ictable 
re sult s .  It i s  imperat ive that those wo rking wit h  explo sive compact ion make 
every effort t o  more t horoughly understand ' a nd prope rly. use t he explosive so  
a s  to produce consistent re sult s .  ,/  
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