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Analytical treatment of the role of surface oxide 
layers in the sintering of metals 

Z. A. MUNIR 
Materials and Devices Research Group, Department of Mechanical Engineering, University 
of Cafifornia, Davis, CA 95616, USA 

The role played by a surface oxide layer in the kinetics of sintering of metallic particles 
is analysed quantitatively. Application of the analysis to metals with thermodynamically 
stable oxides gave results which are consistent with experimental observations. The 
presence of oxides which tend to dissolve in the metal at the sintering temperatures 
gives rise to an incubation period before the onset of sintering. Comparison with experi- 
mental results indicates that the oxide dissolution process is kinetically controlled at the 
oxide-metal interface. 

1. Introduction 
Interpretations of the results of sintering investi- 
gations have been largely based on models assum- 
ing idealized conditions of geometry an d purity. 
Discrepancies between the experimental obser- 
vations and the theoretical predictions have been 
commonly attributed to deviations from the 
assumed conditions in the analyses. Since most 
metallic powders possess high surface activities, 
the question of purity becomes of major cOnse- 
quence in practical as well as theoretical consider- 
ations. Specifically, since exposure of metallic 
particles to ambient conditions results nearly 
always in the formation of an oxide surface layer, 
established kinetics of pure (one-component) 
systems cannot be adequately applied to this case. 

Various experimental observations have been 
made on the retardation of (bulk) sintering in the 
presence of a surface oxide layer [1 -3 ] .  In the 
most recent of these investigations [3], it was 
demonstrated that the presence of an oxide layer 
shifts the sintering process from one dominated 
by a bulk-transport mechanism [4] to that con- 
trolled by surface transport [5] with the antici- 
pated lack of densification. Aside from changes 
in the sintering parameters, other investigations 
have also reported modifications in the mechan- 
ical properties of sintered oxide-coated metallic 
particles [6 -8 ] .  Interpretations of these obser- 
vations, however, have tended to be qualitative 
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and highly specific. Apparently, there has been no 
attempt to provide a general, more comprehensive 
analysis of the sintering kinetics of oxide-coated 
metallic particles. 

The influence exerted by a surface oxide in the 
sintering of metals is indicated by thermodynamic 
and kinetic considerations. Conditions can be 
selected such that the surface oxide is made 
thermodynamically unstable and hence measured 
sint.ering kinetics are those pertaining to the pure 
metal. Palladium oxide, for example, is unstable 
at temperatures exceeding 1147K (at Po~ 
1 atm.), or in a conventional vacuum (10 .4 -to 
10-TTorr) at lower temperatures. In contrast, 
thermodynamic calculations show that lead oxide 
is stable in air and in vacuum in the temperature 
range of interest, i.e. up to the melting point of 
the metal. However, in this case reduction of the 
oxide surface layer can be achieved in a hydrogen 
atmosphere. These and other metals with similar 
thermodynamic properties can be sintered free of 
the oxide under properly selected experimental 
conditions. 

A second group of metals includes those with 
oxides which are stable with respect to dis- 
sociation or reduction (by H2) bu t  are unstable 
with respect to dissolution in the parent metal 
at higher temperatures. At the sintering tempera- 
tures, the oxide layer gradually dissolves (as 
oxygen) in the metal and hence the actual sinter- 
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ing process is preceded by an incubation period 
dictated by the kinetics of  dissolution and diffusion 
of the oxygen. A third classification includes 
metals with low oxygen solubility and high oxide 
stability. The sintering of such metals is preceded 
by the diffusion of the metal through the oxide 
layer to the neck region. In this paper we present 
an analysis of  the role played by the surface oxide 
layer in the sintering of the latter two classes of 
metals. 

2. Mathematical analysis 
2.1. Metals with low oxygen solubilities 
The basic assumptions involved in the analysis of 
the sintering of oxide covered metals in this 
category are (a) complete coverage of the surface 
of the metal particle by the oxide layer, (b) the 
dominant mass transport through the oxide layer 
is bulk diffusion, i.e. short circuit paths, etc., are 
ignored, and (c) metal-metal  sintering is preceded 
by diffusion of the metal through oxide layer to 
the neck region. Consider the geometry of two 
contacting spheres as shown in Fig. 1. The rate of 
neck growth, ~, is given by 

Jc = 2DvFK ? (1) 
where 

Dv = volume diffusion coefficient, 
F = F~2/kT, 

F s = surface energy, 
f2 = atomic volume, 

KI = curvature difference for diffusional 
sources from the surface via volume, 
surface or evaporation paths 

S Oxide ~ M e t a L  

Figure 1 Geometric configuration Of sintered oxide- 
coated spheres. 
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x) 
and p = x2/2(r --x). 

The term [1 --(x/r)]  in the parameter K1 is 
added so that K1 = 0 at x = r, i.e. neck growth 
stops when the neck radius is the same as the 
particle radius. Equation 1 can now be re-written 
as 

~c=2DvFs~2[[2(r--x) l ~}(1 x ) ]  2 

[[  7 x + - 

(e) 

and the neck volume rate of growth is 

11 = 4___~ x ~ .  (3) 
r 

Similarly we calculated the atomic flux .to the 
neck region resulting from sintering as 

)9 s _ 4npoNo x3 2 (4) 
raw 

where 

Po = the density of  the metal, 
No = Avogadro's number, and 
A w = the atomic weight of  the metal. 

This flux represents a condition of unretarded 
sintering, i.e. where there is no oxide layer or 
where the diffusional flux through this layer is 
equal or greater than/9 s. 

Now, in the presence of an oxide layer, 
unretarded sintering will be attained when the flux 
through the oxide is equal to that calculated by 
Equation 4. The flux through the oxide layer is 

Xd = J(2 x (5) 

where the expression (2nx 2) represents the area 
of  the metal-oxide interface on both sides of the 
neck, and J is the diffusional flux per unit area 
of interface. Assuming a time-independent concen- 
tration gradient of the metal in the oxide layer, 
Equation 5 can be rewritten as 

19d = 27rx2 ~-ID x (6) 

where AC= the concentration difference of the 
metal across the oxide layer, ~ = the oxide thick- 
ness and Dx = the diffusion coefficient of the 
metal through the oxide. 

As stated earlier, unretarded sintering occurs 
when/9~ = Nd, i.e. 
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Figure 2 Geometric configuration for a 
metal with high oxygen solubility. 

Dx/~ 

x J : -  A w  r A c D x  (7) 
2poNo 

A plot of xx versus Dx/~ gives a straight line with 
a slope of (Aw/2poNo)rAC , as shown in Fig. 2. 
Also shown in Fig. 2 is a line representing the 
results of a case where sintering is retarded by the 
slow diffusion of the metal through the oxide 
layer. For any given oxide thickness and tempera- 
ture, the rate of neck growth increases with 
increasing particle size for unretarded sintering. 
This is shown qualitatively in Fig. 2. Also, since 
(x~) is directly proportional to AC, the depen- 
dence of the latter parameter on Po2, the partial 

pressure of oxygen, will influence the growth 
rate. The dependence of AC on pressure is of the 
form 

M A P  ~l/n A C =  t o2) , (8) 

where APo: is the difference between the oxygen 

partial pressure at oxide-gas interface and the 
dissociation pressure of the oxide, and n and k 
are constants (n = 4 for the Cu/Cu20 system, for 
example). 

Once a neck is formed then the kinetics become 
governed by two equations, one describing the 
neck growth due to unretarded sintering and the 
second describes the neck growth rate as con- 
trolled by diffusion through the oxide layer. These 
relationships are, respectively, 

2DvF~CZK ? 
JCs - k T  (9) 

and 
- -  r 2 

~c d - 2DFsFAK1 
kr (lO) 

where F~ represents a surface energy modified 
by the presence of the oxide layer, and 

j~ _ DvDx (r + ~) 
(1i )  

rD= + ~Dv 

Thus using the approximation that F '  s ~ Fs, we 
can relate Equations 9 and 10 as follows: 

JCs D: + ~/rOv 
-~d - D~(1 + G/r) (12) 

However, since ~ ~ r, Equation ] 2 can be simpli- 
fied to 

k s ~ Dv 
_ - 1 + t / r - -  (13) 
Xd Dx 

which gives :~s/Xd ~ 1 when D v = Dx, i.e. when the 
diffusivities of the metal atoms in the oxide and in 
the metal itself are the same. When Dv >>Dx, 
Equation 13 becomes 

~ ~_ (Ur) Dv (14) 
kd Dx 

and when D x >>Dv then the rate ratio becomes 
essentially unity. 

2.2. Metals with high oxygen  solubilities 
In this case we are dealing with a metal whose 
oxide surface layer becomes unstable with respect 
to an oxygen saturated metal at the sintering 
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Figure 3 Geomelxie configuration for a metal with high 
oxygen solubility. 

temperature. Referring to Fig. 3, we make the 
following definitions and simplifying assumptions: 

(a) the concentration of O in M at x = r is Cm 
which is the solubility limit of O in M at the 
experimental temperature; 

(b) t ~ r; 
(c) the concentration of O in the oxide is 

constant, and 
(d) the initial concentration of O in M is 

assumed to be zero. 
For any given metallic particle size, r, there is 

a maximum amount of oxide which can be dis- 
solved into the particle, i.e. there is a maximum 
t. For thicknesses greater than this maximum, 
the oxide cannot dissolve entirely and the role of 
the remaining layer can be determined along the 
lines of  the analysis presented above. In order to 
calculate this maximum ratio of (t/r) we define 

Vx = the total volume of the oxide 
Vm = the total volume of the metal 

and 

Cx = the concentration of the oxygen in the 
oxide. 

Therefore, for maximum uptake of oxygen 

Cm Vm = VxCx (15) 
or 

Re 3 + 3Re 2 + 3Rc = Cm/Cx (16) 

where Rc =- (t/r) max, the critical ratio. Since 
t ~ r, the term Rc 3 can be ignored and the solution 
to the above equation becomes 

Re = ~ 1 + ? - ~ ]  --1 (17) 
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The assumption that Re 3 is negligible introduces 
an error of  about 5% for t/r values of up to 13.5. 
In fact for low t/r, i.e. ~<0.1, the following 
relationship can be used with an accuracy of < 9%: 

Re ~ 1 Cm (18) 
3 c x  

Since Cx~-- independent of temperature, Re 
increases with increasing temperature. 

At the critical t/r ratio (i.e. at Re) the time 
necessary to diffuse the oxygen (from the oxide 
layer) into the metallic sphere can be calculated 
from [9]: 

C - C 1  
- l + 2 r  ~ ( - 1 )  n sin n?rx 

Cs -- C1 7rx n=l n r 

x exp (--Dn2rr2t/r 2) (19) 

where Ca = initial concentration of O in the 
metal, D = diffusion coefficient of  O in the metal, 
t= t ime ,  and C s = t h e  surface concentration. 
For the moment we shall assume that Cs = Cm, 
i.e. that the dissolution reaction of the oxide 

MO2 = M + 20  (dissolved) (20) 

is not kinetically hindered. In other words, we 
assume that the oxygen concentration at x = r  
remains constant (as long as there is an oxide) 
at a value of Cm. The significance of this assump- 
tion will be discussed later. 

As x-+ 0, i.e. at the centre of the sphere, 
Equation 19 simplifies [9] to 

C--C1 _ 1 + ~  (--1) n exp (--Dn27r2t/r 2) 
C1TI--  C1 n = 1 

(21) 

which, for a saturated sphere [10] gives 

Ot/r 2 ~-- 0.6 (22) 

where r is the radius of the.sphere corresponding 
to the (critical) Rc value. Thus the incubation 
period before the onset of sintering can be calcu- 
lated from Equation 22 for particles with the 
maximum oxide thickness. 

3. Discussion 
For metals with low oxygen solubility and high 
oxide stability, determination of the role of the 
surface oxide layer in the sintering kinetics can be 
made by the application of Equation 12. When 
the calculated values of the rate ratios, 2~s/3r 



TABLE I Self and oxide diffusivities of metals in their sintering range 

Metal T (K) Dv(m ~ sec -t ) Dx(m 2 see -1 ) References* 

A1 467 2.07 X 10 -20 1.24 • 10 -56 [11, 12] 
933 1.84 X 10 -12 5.51 X 10 -30 

Co 883 1.44 • 10 -21 4.96 X 10 -~7 [13, 14] 
1765 3.42 • 10 -13 2.85 • 10 -12 

Cr 1038 6.04 X 10 -21 3.69 X 10 -22 [15, 16] 
2176 7.90 • 10 -~3 3.70 X 10 -L1 

Cu 678 4.10 X 10 -21 1.01 X 10 -~ [17, 18] 
1356 5.65 X 10 -~3 6.65 X 10 -12 

Fe 906 1.53 X 10 -18 8.04 X 10 -~3 [19, 201 
1812 2.88 X 10 -H 3.14 X 10 -9 

Mg 462 6.30 X 10 -20 1.21 X 10 .42 [21, 22] 
923 3.01 X 10 -12 5.25 X 10 -24 

Ni 863 1.14 X 10 -21 2.66 X 10 -20 [23, 24] 
1726 4.66 • 10 -13 3.57 X 10 -14 

Pb 300 2.25 X 10 -~3 8.76 X 10 -4a [25, 26] 
600 4.47 X 10 -14 9.36 X 10 -24 

U 703 3.24 X 10 -16 6.77 X 10 -33 [27, 28] 
1406 8.68 X 10 -12 5.20 X 10 -22 

Zn 347 5.94 X 10 -2~ 2.88 X 10 -1~ [29, 30] 
693 1.01 X 10 -~ 2.73 X 10 -1: 

*The first of each set of two references refers to the self-diffusivity of the metal and the second is the reference for the 
diffusivity of the metal through its own oxide. 

are larger than unity a retardation of sintering is 

predicted. Conversely, values of xs//ca ~ 1 signify 
a transport process t h a t  is unaffected by the 

presence of the surface layer. Utilizing reported 

diffusion data (Table I) ratios of ;cs/~: a were 

calculated for several metals and are shown in 
Table II. These ratios were determined for ~/r 
values ranging from 10 -s to 10 -1 and at 0.5 Tm 

and T m, where Tm is the absolute melting point 
of the metal. The range of temperature delineated 

by these two values covers the experimental 
sintering region. The results shown in Table II 
predict that the presence of an oxide layer makes 
essentially no difference in the kinetics of sintering 

of such metals as chromium, cobalt, copper, iron, 
nickel, and zinc. On the other hand, the exceed- 

ingly large values of des/ira calculated for alumin- 
ium, magnesium, lead, and uranium indicate that 
the sintering process of these metals is retarded 
by the presence of an oxide surface layer. For 

these metals retardation is predicted even at the 
lowest ~/r ratio listed in Table II. 

The predictions of the present analysis con- 
cerning the effect of a stable oxide surface layer 
on the kinetics of sintering of metals are con- 
sistent with experimental observations. Oxide 

coated particles of aluminium [31] and lead [3] 

showed no densification when sintered at tempera- 

tures approaching the melting points of the metals. 

In contrast when the oxide is rendered thermo- 

dynamically unstable (in the case of lead) sintered 

powder compacts showed substantial densifi- 

cation at temperatures considerably lower than 

the melting point. Similar observations have been 
made on palladium [2]. In addition, the predicted 

passive role of the surface layer in the sintering 
of such metals Cu, Fe and Ni is also in agreement 

with experimental observations. The investi- 
gations of Ramakrishnan and Tendolkar [6, 7] 

have shown that the sintering of these metals is 
unretarded by the presence of oxide surface 

layers of up to 1200A thick. The observed 
enhancement of sintering, concluded from densifi- 

cation data, is believed to be the result of grain 
growth retardation brought about by the presence 
of the oxide phase at the grain boundaries [32]. 

The more recent observations of Heath and 
Evans [8] oflbr further evidence of the sinter- 

ability of oxide-coated copper particles. Scanning 
electron microscopic records gave clear indi- 
cations of neck formation between spheres and 
between spheres and the underlying copper foils. 
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TABLE II Neck growth rate ratios, ~s/~d, for metals in their sintering range 

Metal T (K) ~/r 

10-5 10-a 10-1 

A1 467 1.67 X 10 al 1.67 X 1033 1.52 X 103s 
933 3.3 X 1012 3.3 X 1014 3.0 X 1016 

Co 833 1.0 1.0 0.91 
1765 1.0 1.0 0.92 

Cr 1038 1.0 1.0 2.40 
2176 1.0 1.0 0.91 

Cu 678 1.0 1.0 0.91 
1356 1.0 1.0 0.92 

Fe 906 1.0 1.0 0.87 
1812 1.0 1.0 0.91 

Mg 462 5.20 X 1017 5.20 X 1019 4.7 X 1021 
923 5.7 X 106 5.7 X 10 s 5.2 X 101~ 

Ni 863 1.0 1.0 0.91 
1726 1.0 1.0 2.1 

Pb 300 2.6 X 1019 2.6 X 1021 2.3 X 1023 
600 4.8 X 104 4.8 X 106 4.3 X 108 

U 703 4.8 X 1011 4.8 X 1013 4.4 X 10 is 
1406 1.7 X 10 s 1.7 X 107 1.5 X 109 

Zn 347 1.0 1.0 0.91 
693 1.0 1.0 0.94 

Neck  fo rma t ion  was observed be tween  contact ing,  

bu t  u n c o m p a c t e d  particles o f  copper  hea ted  at 

8 5 0 ~  for  as li t t le as 2ra in .  Moreover ,  fracture 

surfaces o f  the  neck  regions showed two  dist inct  

morphologies  resembling those o f  bri t t le  and 

ducti le fracture.  Heath  and Evans [8] in terpre ted  

these observat ions in terms o f  a sintering process 

that  is ini t ia ted by  the  diffusion o f  copper  th rough 

the  oxide  layer to  the neck  region. 

I f  the oxygen  solubi l i ty  in a meta l  at the  

sintering tempera ture  is appreciable,  the dissolut ion 

o f  the oxide  layer is possible and its dura t ion  

wou ld  represent  an incuba t ion  per iod before  the 

onset  o f  sintering. Exper imenta l  evidence for such 

a process is provided by  the work  o f  Watanabe and 

Hirokoshi  on t i t an ium [31 ] .  These authors  

repor ted  that  t i t an ium powder  coated  wi th  an 

approx imate ly  1 0 0 A  thick oxide  layer sintered 

af ter  a 60ra in  anneal  at 1000~  Al though  no 

o ther  sintering s tudy has dealt  specifically wi th  

this topic ,  the concep t  o f  an incuba t ion  per iod is 

suppor ted  by  annealing exper iments  on oxide-  

coa ted  copper  films [33] .  In order to assess the 

kinet ics  o f  the pre-sintering process we must  

first calculate the  m a x i m u m  oxide  thickness that  

can dissolve in a given part icle size. The ratio o f  

oxide  thickness to part icle radius representing 

the  m a x i m u m  is calculated f rom Equa t ion  17. 

Results  o f  these calculat ions are given in Table  III. 

The tempera tures  listed in this table represent  

condi t ions  at which solubil i ty limits are repor ted  

[34] .  In one case (Pb) the  only available solu- 

T A B LE I I I Calculations of the critical oxide thickness to par ticle radius ratios, R e 

Metal T (K) Cm(kg m - 3 ) C x (kg m- 3 ) R e 

AI 873 1.08 1.87 X 103 
Co 1148 1.82 1.38 X 103 
Cu 1323 6.90 X 10 -I 6.71 X 102 
Fe 1623 1.97 X 10 -1 1.27 x 103 
Ni 1473 1.07 1.43 X 103 
Pb 600 6.12 X 10 -2 6.83 x 102 
Ti > 1273 5.85 X 102 1.71 X 103 

1.92 X 10 -4 
4.38 X 10 -4 
3.42 X 10 -4 
5.14 X 10 -s 
2.49 X 10-4 
2.98 X 10 s 
1.03 X 10 -1 
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TABLE IV Pre-sintering incubation periods 

Metal T(K) r e (m) D (m 2 sec -~ ) ti (sec) 

A1 873 5.21 X 10 -s ~10 -17 ~107 
Cu 1323 2.92 X 10 -s 2.11 X 10 -13 2.42 X 103 
Fe 1623 1.94 X 10 -4 2.12 X 10 -9 10.7 
Ti 1273 9.71 X 10 -8 9.60 X 10 -13 5.87 X 10 -3 

bility information is for the molten state and is 
assumed in the present calculations as an approxi- 
mation for the appropriate solid state data near 

the melting point. The t ime necessary for the dis- 

solution of the oxide is calculated from Equation 

22 with r being the critical radius for a 100 A thick 
oxide layer. The results of such calculations are 

given in Table IV for aluminium, copper, iron and 
titanium. According to these results the incu- 

bat ion period, ti, preceding sintering is insignificant 
in the cases of Fe and Ti, and appreciable in the 

case of Cu (~  40 min). Because of the absence of 

diffusion data for oxygen in aluminium the value 

listed in Table 1V is only an estimate. Since oxy- 

gen is present in molten aluminium as an oxide 

[34],  we estimate the diffusion coefficient .of 

oxygen in solid aluminium to be of the same order 
of magnitude as that of the slowest moving metals 
in A1, i.e. ~ 10 -17 m 2 sec -1 . From this value we 

calculate ti for a 100 A thick oxide layer on a 
particle with the critical radius to be ~ 107 sec 

(~  116 days). 
Only two experimental investigations provide 

information which can be discussed in light of 

the calculations of ti. Watanabe and Hirokoshi 
[31] estimated a t i for oxide-coated Ti particles 
to be about 60min .  This value is several orders 
of magnitude larger than that listed in Table IV. 

The discrepancy between the experimental value 

and the calculated one clearly indicates that the 
assumed absence of a kinetically controlled step 

in the dissociation of the oxide, Equation 20, is 
not  valid in this case. In other words, the con- 
centration of oxygen in the t i tanium particle at 

x = r see (Fig. 3) is less than Cm, the solubility 

limit. The second pertinent observation is that of 
Heath and Evans [8]. Copper oxide particles were 

present after sintering at 850 ~ C for up to 135 min. 

As in the case of ti tanium, the time predicted in 
the present analysis is much shorter than that 

based on experimental observations. The concept 
of a kinetic barrier to oxide dissolution is prob- 
ably related to the coherence of the oxide-meta l  
boundary,  and has an analogy in low stress creep 
of oxide-meta l  dispersions [35]. 
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