
l a y e r  wa te r  adsorpt ion occurs ,  even at a p r e s s u r e  PH20 <- 10 -5 t o r r ,  a lmos t  ins tantaneously ,  in 10 -5 sec [6], 
whereas  a rgon  diffusion in a i r ,  let  alone f r o m  p o r e s ,  is a s lower  p r o c e s s  ( D A r _ A r  = ().2 cm2/sec) [7]. 

And so ,  as  a resu l t  of rapid  adsorp t ion  the p o r e s  can become sealed  by hydroxyl  groups  (OH-) o r w a t e r  
molecu les  before  all  the a rgon  e s c a p e s  f r o m  them.  This,  of course ,  can occur  only with po re s  of a cer ta in  s ize ,  
p robab ly  not g r e a t e r  than the length of a weak hydrogen bond (4 A) [8]. If the po res  a r e  of a d i ame te r  such that  
i sola ted hydroxyl groups  or  isola ted wa te r  molecules  become  adsorbed  on the i r  su r faces ,  the argon has t ime  to 
e scape  f r o m  them.  

It should be noted that a powder re ta ins  a rgon  for  a quite long t ime  (not l ess  than 5 days) a f te r  exposure  
to an a rgon  s t r eam.  The diffusion of the argon through the adsorbed  water  l aye r  is ,  as  kvouldl~e expected, a 
r e l a t ive ly  slow p r o c e s s .  The highest ra te  of a rgon  r emova l  f r o m  an a l u m i n u m  powder is obse rved  at a t e m -  
p e r a t u r e  of 230-250~ (Fig. 4), which v i r tua l ly  coincides with the t e m p e r a t u r e  co r respond ing  to the max imum 
ra te  of wa te r  l ibera t ion  in molecu la r  form.  

Thus,  the expe r imen ta l  data obtained show that the nature of the annealing envi ronment  has a s t rong in-  
fluence on the adsorpt ion  of the H20 fo rming  on a powder of the s y s t e m  A1-AI203. The amount  of adsorbed  
water  r emain ing  a f t e r  anneal ing in re levant  env i ronments  d e c r e a s e s  in the o rde r  vacuum ~ argon.  
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S H A P I N G  O F  P O W D E R  P A R T I C L E S  
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D U R I N G  T H E  A T O M I Z A T I O N  
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Some of the bas ic  laws governing the p r o c e s s  of drop shaping during the a tomizat ion of a molten meta l  
jet  with a c o m p r e s s e d  gas were  fo rmula ted  in [1-3]. The powder par t ic le  shape was found by s ta r t ing  with the 
ra t io  between the r a t e s  of the p r o c e s s e s  of spheroidiza t ion  and cooling of a tomized  e lements  of  the melt .  

The t ime  taken for  a pa r t i c le  to cool down to the mel t ing t e m p e r a t u r e  was de te rmined  f r o m  the e x p r e s -  
sion 

6~ t - - t  me g 

and the t ime  requ i red  for  the evolution of the latent heat of  solidification, f rom the express ion  

O (2) 
T~ ~- q ' S d  
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Fig. 1. Var ia t ion  of cooling t i m e s  of molten meta l  drops  with drop 
size in a tomizat ion  with water .  

Fig. 2. T rue  densi ty of ene rgy  c a r r i e r  in contact with mel t  being 
a tomized  with wa te r  under high p r e s s u r e .  

The t ime  taken for  the pa r t i c l e  to become  spheroid ized  under a tomizat ion  conditions was calcula ted with 
the formula  

3n2~ 
sph 4Vda (R~ - -  ~ ) .  (3) 

Here  dd, Vd, td, R d, and S d a re ,  r e spec t ive ly ,  the d iamete r ,  volume,  t e m p e r a t u r e ,  radius ,  and sur face  a r ea  of 
the drop; Cm, Pm, a, ~, and tme  a re ,  r e spec t ive ly ,  the specif ic  heat,  density,  sur face  tension, v iscos i ty ,  and 
mel t ing  point of the metal ;  Q is the la tent  heat of solidification; q the t he rma l  flux; ~ the coeff icient  of heat 
t r a n s f e r  f rom the drop to i ts  envi ronment ;  and tg the t e m p e r a t u r e  of the environment .  

Compar i son  of ca lcula ted  va lues  of T~ and rsph  for  molten Cu, Pb,  and AI showed that  in a tomizat ion with 
a c o m p r e s s e d  gas spheroidiza t ion  t i m e s  fo r  these  me ta l s  a r e  2.5-3.5 o r d e r s  of magnitude sho r t e r  than cooling 
t imes  [1], which means  that powders  of  these  meta l s  should have a spher ica l  par t ic le  shape. In actual  fact,  
however ,  pa r t i c l e s  of many powders  were  found to be nonspher ical ,  often jagged. It was es tab l i shed  that the 
i r r e g u l a r  par t ic le  shape was due in this case  to t he  format ion  of r e f r a c t o r y  oxides on the su r faces  of the p a r -  
t ic les ,  which p reven ted  t he i r  spheroidizat ion.  

Calculat ions of the drop deformat ion  p r o c e s s  and data obtained by p rocess ing  r e su l t s  of exper imenta l  
s tudies enabled ce r t a in  genera l  p r inc ip les  to be fo rmula ted  underlying the shaping of powder pa r t i c l e s  during 
the a tomizat ion of a mel t  with a gas s t r e a m .  

The conditions of heat t r a n s f e r  f r o m  drops  during a tomizat ion with water  differ  substant ia l ly  f rom those 
obtaining during a tomiza t ion  with a gas s t r e a m ,  mainly  in that heat t r a n s f e r  occurs  much more  rapidly  through 
wate r  than through a gaseous  phase  [3, 4]. In an a tomizat ion p r o c e s s  in which the t e m p e r a t u r e  of the mel t  is 
high enough to cause  wa te r  to boil on the su r f aces  of i ts  d rops  three  bas ic  mechan i sms  of heat exchange a re  
poss ible :  1) when the t e m p e r a t u r e  at the m e l t - w a t e r  contacts  does not exceed 350~ 2) when the t e m p e r a t u r e  
in the contact  zones  exceeds  650-700~ 3) when the mel t  t e m p e r a t u r e  l ies  in the range 350-650~ 

In the f i r s t  of these  cases ,  where the t e m p e r a t u r e  of the contact  zones  is c lose  to or  lower  than the c r i t i -  
cal  point of wa te r  under a p r e s s u r e  of 50-100 a tm gauge, boiling takes  place with ebullition, and the coefficient  
of heat t r a n s f e r  is a max imum [4, 6]. In the second case ,  where  the mel t  t e m p e r a t u r e  in the contact  zones sub-  
s tant ia l ly  exceeds  the "c r i t i ca l "  point of water ,  s table f i lm- type  boiling occurs ,  with a compara t ive ly  low co -  
efficient  of heat t r a n s f e r  ~ [4]. The th i rd  case  r e p r e s e n t s  an in te rmedia te  state,  in which the t e m p e r a t u r e  con-  
dit ions p reva i l ing  in the contact  zones  br ing  about mixed, f i lm-and-bubble  boiling. The coeff icient  of heat t r a n s -  
fe r  under conditions of boiling with pronounced ebullition {bubble formation) can be de te rmined  with good accu-  
r a c y  using Kuta te ladze ' s  emp i r i ca l  fo rmula  [6], 

o~ : ~p~ (4) 
COI1V 

where } is a coeff icient  cha r ac t e r i z i ng  the type of boil:rag and the nature of the liquid (in our  case  ~ =2.6), p is 
the p r e s s u r e ,  and ql is the t h e r m a l  load, k o a l / m  2 �9 h. The quantity qi, which depends on the physical  conditions 
obtaining in the w a t e r - h o t - s u r f a c e  contact  zones,  is given by the expres s ion  

q, = 103k~ V awp ~ (p - -  Ps)" (5) 
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Fig. 3. Comparison of curves  of rcool vs d s and rsph vs d d for 
var ious  metals  in atomization with water:  a) ~'cool/~'sph >> 1; b) 

TCOO1/rsp h -- 1; C) rcool/•sph < 1. 

Fig. 4. Powder  par t ic les  produced by atomizing melts  of a) i ron and 
b) tin with 1) compressed  a i r  and 2) water  under high p re s su re .  

Here k is a coefficient (k=0.16), fl is the heat of s team formation (flw=530 kcal/kg),  aw is the surface tension 
of water  ((r w =77 �9 10 -4 kg/m),  and Pw and Ps are,  respect ively,  the densities of water  and the s team (pw=lO00 
and Ps =50 kg/m3). Using the calculated value ql =3 �9 106 W/m, we can determine the value of aconv  applicable 
in our case,  

= 2.6-1000,4 (3.10e) ~ ~ 108 w/m ,deg C �9 
cony 

For the case of f i lm-type boiling, according to [6], ~conviI i=5 ' 104 W/m" deg C, and the intermediate 
range is charac te r i zed  by the value C~eonvii= 10 ~ W/m" deg C. 

Now in the heat t r ans fe r  scheme under considerat ion ve ry  small  volumes of molten metal (dd=100-500 ~) 
are  involved, and it is therefore  necessa ry  to a s se s s  the par t  played by molecular  heat exchange, which may 
prove to be substantial,  since the coefficient of heat exchange by conduction, ~cond, is inversely  proportional 
to the drop size.  This conclusion follows f rom Nussel t ' s  so-cal led  l imiting law [7], which gives the minimum 
value of the coefficient ~cond for a spherical  part icle,  

2~s 

where d d and d s are ,  respect ively,  the d iameters  of the drop and its cooling steam shell and ?'s is the thermal  
conductivity of the steam. 

Let us a s ses s  the value of ~cond in our case [5], where d s =1.15 d d. Calculation shows that, for a the r -  
mal conductivity of s team ), o s(600 C, 100 arm. gauge) =8010-2 W/deg C and a drop size of 100-500 ~, the coefficient 
of molecular  heat t r ans fe r  is C~cond=2 - 10-3-10-r W/m.  deg C, since the value ~cond=104 W/m" deg C is a 
whole order  of magnitude smal le r  than aconv  I and ~conviTi and is comparable  only with ~convii- Calculated 
values of coefficients of heat t r ans fe r  are  given in T ble 1. 
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TABLE 1. Calculated Values of Coefficient 
of Heat  T r a n s f e r  ( W / m  �9 deg C) in Atomiza-  
t ion of Mel ts  with Water  

Teml~ in 
contact 
7,0n~, e C 

300--355 
350--650 

65O 

t~zCharacter oi~ Value 
oiling | /magnlmd e 
one No.) | formula 

I c~E-~ 106 
corlY 

II aE-a cony 10 5 

III ~E-a con~-~ cond 6.104 

TABLE 2. Phys ica l  Cha rac t e r i s t i c s  of Molten Metals  and 
Atomizat ion Spray 

] o. | c .  ca1/] ]1,1{} 3 , } p .  [ t ] ,mei~]tsteamla. W/ 
Metal [dyn/ert~g.degCIskeg~cm. ~kg/m ~ "C I ' c  [m.degc 

I~n 1565 0,1O 0,7 7800 1550 1650 900 6.104 
Copper  1200 0,91 3 , 0  8900 1090 1200 650 6.104 
Aluminum 600 0,21 1,2 2700 660 780 450 10 s 
Zinc 720 0,09 1,0 7100 420 520 300 106 
Lead 430 0,04 2,5 ~ 325 430 270 105 
Tin 520 0,05 1,4 7300 230 330 210 10 e 

Let  us calculate  the t i m e s  taken for  50-  to 5 0 0 - / z - d i a m e t e r  drops  of mel ts  with different  mel t ing  points 
- Fe, Ca, AI, Zn, Pb,  and Sn - to cool down. The physica l  c h a r a c t e r i s t i c s  of these  meta l l i c  mel ts  a re  given in 
Table 2. Using Eq. (1), we calcula te  the t i m e s  taken for  such drops  to cool down to the melt ing points,  tcool , 
making the assumpt ion  that,  under the conditions of cooling of the mel ts  with water ,  drop deformat ion cea se s  as 
soon as  t he i r  mel t ing  points a r e  reached.  The r e su l t s  of th is  calculat ion a r e  depicted in Fig. 1. 

Next, le t  us a s s e s s  the t i m e s  of drop spheroid iza t ion  for  the mel t s  invest igated during the i r  a tomizat ion 
with water .  Here  it should be noted that  a s t r e a m  of wa te r  or  a s t eam emuls ion  inhibits the p r o c e s s  of drop 
spheroidiza t ion  much more  effect ively  than does a s t r e a m  of a c o m p r e s s e d  gas [3]. The densi ty  of the energy  
c a r r i e r  will v a r y  depending on the c h a r a c t e r  of boiling and the intensi ty of s t eam generat ion.  In accordance  
with the scheme  adopted in our  ana lys i s ,  r e c o u r s e  is had to ce r ta in  assumpt ions  in o rde r  to e s t ima te  approx i -  
mate ly  the t rue  density of the ene rgy  c a r r i e r  in each of the cases  under considera t ion (Table 3). 

In Fig. 2 is shown the t rue  densi ty  of the energy  c a r r i e r  in contact  with the melt  being a tomized  with 
wate r ,  plotted as  a function of mel t  t e m p e r a t u r e  in the a tomizat ion  zone. While it is not ant ic ipated that ca l -  
culated and actual  va lues  will be in good a g r e e m e n t  with each other,  the curve  neve r the l e s s  object ively  re f lec t s  
the phenomena occur r ing  in the m e t a l - s t e a m - w a t e r  spray.  At the same  t ime  the graph makes  it poss ible  to 
app rox ima te ly  a s s e s s  the par t i c le  shape of powders  produced  by a tomizing var ious  mel ts .  Thus,  nonspher iea l ,  
jagged pa r t i c l e s  can be expected  to be obtained in zone I and spher ica l  pa r t i c l e s  in zone III, while zone II is a 
t r ans i t ion  zone in which both spher ica l  and i r r e g u l a r - s h a p e d  pa r t i c l e s  can form,  although the appearance  of 
spher i ca l  or  round pa r t t a l e s  is the more  likely. F r o m  this  curve  it follows that,  by exerc i s ing  control  ove r  the 
contact  region between the mel t  and wate r  (steam) so as  to r emove  comple te ly  or  par t i a l ly  the s t e am fi lm en-  
veloping each e lement  of the mel t ,  one can cause the par t i c le  shape to deviate f rom spher ical .  It should a lso  be 
poss ib le  to de te rmine  expe r imen ta l ly  the va r ia t ion  of the par t i c le  shape coefficient  ~ with the actual  densi ty of 
the energy  c a r r i e r  in the contact  zone, which in turn will be a function of p a r a m e t e r s  of the energy  c a r r i e r ,  
Le. ,  water ,  and of the geom e t ry  of the a tomiz ing  device.  

To calculate  the t ime  taken to spheroidize  pa r t i c l e s ,  we use Eq. (3), der ived  ea r l i e r ,  introducing into it a 
c o r r e c t i o n  fac tor  allowing for  the densi ty  of the energy  c a r r i e r ,  

3 ~lXPe /R4--r4 ~ (7) 
"r 4 Vd~Pair ' d st" 

It is in te res t ing  to c o m p a r e  ca lcula ted  va lues  of 7sph for  the me ta l s  under cons idera t ion  with the va lues  
of Tcool for the same  e lements  (Fig. 3). The cu rves  in Fig. 3 can be divided accord ing  to the ra t io  ~cool /~ ' sph  
into th ree  groups:  
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TABLE 3. 

Melt 

Ture  Densi ty of Energy  C a r r i e r  in Atomizat ion of Molten Metals  with Water 

Cha rac t e r  of boiling 

I ron F i lm- type  
Copper 
Aluminum In te rmedia te  (close to f i lm-type)  
Zinc In te rmedia te  
Lead In te rmedia te  (close to bubble-type) 
T in Bubble - type 

I Steam : water  ra t io  / Densi ty of ene rgy  
/ 

in ene rgy  c a r r i e r  t c a r r i e r  Pe, kg/m3 

100% of s t eam 50 
The s a m e  50 

70:30 335 
50:50 525 
30:70 715 
10:90 905 

1. I ron and copper .  For  these  e l emen t s  r coo l  exceeds  Tsph by more  than one o rde r  of magnitude (two 
o r d e r s  for  Fe and 3.5 o r d e r s  for  Cu). 

2. Aluminum and zinc. For  these  me ta l s  the ra t io  ~'cool/~-sph has the value 10-15. 

3. Lead and tin. With these  meta ls  the si tuation is r e v e r s e d :  T c o o l / T s p h  =0.1. 

Examinat ion  of the ra t io  T c o o l / T  sph for  drops  of Fe, Cu, A1, Zn, Pb, and Sn mel t s  a tomized  with wa te r  
under high p r e s s u r e  shows that comple te  spheroidizat ion of drops  can be expected  to occur  in the wa te r  a tomiza -  
t ion of such meta l s  as  i ron and copper .  In the a tomiza t ion  of a luminum and zinc, too, powder pa r t i c l e s  of 
spher ica l  shape will be produced,  but the probabi l i ty  of this  happening is much sma l l e r .  Thus,  any fluctuations 
in the sys tem,  such as  oxidation of drops  or  s t r ipping of s t eam envelopes  by the jet  of water ,  may lead to the 
appea rance  of angular  or  even jagged pa r t i c l e s .  The a tomizat ion  of molten low-mel t ing-poin t  meta l s  such as 
tin and lead will r esu l t  in the fo rmat ion  of nonspher iea l  powder pa r t i c l e s .  This  is of g rea t  impor tance  in the 
choice of a tomiza t ion  p a r a m e t e r s  because ,  as  pointed out above, the shape of powder pa r t i c l e s  can be va r i ed  
by changing the s ize of the i r  contacts  with s t eam f i lms.  In the case  under considera t ion such a fac tor  is p r o -  
vided by the t e m p e r a t u r e  at which the melt  is a tomized:  The lower  the t e m p e r a t u r e ,  the g r e a t e r  is the p r o b -  
abi l i ty  that pa r t i c l e s  of nonspher ica l  shape will be formed.  

Special  expe r imen t s  were  c a r r i e d  out in which iron and tin mel ts  were  a tomized  under comparab le  condi-  
t ions with c o m p r e s s e d  a i r  (4-5 a tm  gauge) and wate r  under a p r e s s u r e  of up to 60 arm gauge. These e x p e r i -  
ments  afforded evidence in support  of our  conclusions,  based  on theore t ica l  calculat ions,  concerning the p a r -  
t ic le  shape of a tomized  powders  (Fig. 4). 

C O N C L U S I O N S  

The par t ic le  shape of a powder produced by the a tomizat ion of a molten meta l  with wa te r  under high p r e s -  
sure ,  unlike that of a powder a tomized  with a c o m p r e s s e d  gas, is de te rmined  by the actual  densi ty of the ene rgy  
c a r r i e r  (the s t eam :wa te r  ratio) in the contact  zone, and can v a r y  within wide l imi ts ,  f rom spher ica l  to jagged. 
The actual  densi ty  of, an ene rgy  c a r r i e r  consis t ing of water  and s t eam is a function of the t e m p e r a t u r e  of the 
mel t  and a lso  of the p r e s s u r e  of the wa te r  and the geome t ry  of the a tomiz ing  device.  
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