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The conditions prevailing during the deposition of thick metallic films by the hot-hollow 
cathode method were investigated. The spacial distribution of temperature, surface roughness, 
and depth of etch during the pre-deposition etching cycle was investigated for two different 
sample holder designs. The influence of substrate temperature and the angle of incidence of 
the vapour on the structure and adhesion of thick silver films to type 304 stainless steel was 
determined. The nature and strength of adhesion were evaluated on the basis of microscopic' 
examinations and tensile test determinations. Similar evaluations were made on tensile test 
samples formed through electroplating copper and nickel onto the silver films instead of the 
joining of two silver-coated samples by hot-isostatic pressing. 

1. I n t r o d u c t i o n  
Adhesion and cohesion between solid surfaces are 
possible as a consequence of the reduction of surface 
energy accompanying such processes. Bonding 
between solids, however, will only take place when the 
distance between the surfaces is sufficiently small 
(~  I nm) so that interatomic forces are effective. The 
action of such forces, therefore, will be highly depen- 
dent on the presence of surface contaminants, e.g. an 
oxide layer [1]. An analysis of the effect of surface 
oxide layers on the joining of metallic surfaces has 
been reported recently [2]. To mitigate, at least in part, 
the deleterious effect of surface oxides, layers of an 
intermediate metal are often used in the solid-state 
bonding of metals [3]. Such layers have been used in 
the form of thin foils placed between the surfaces to be 
joined [4], or they may be applied to one or both of the 
surfaces by electrolytic [5] or vapour phase techniques 
[6]. In one of the vapour phase deposition methods, 
the hot-hollow cathode (HHC) technique, a high- 
current low-voltage arc is utilized to evaporate the 
coating material and to generate ions of the carrier gas 
(argon) and the evaporant. These ions are used to 
clean the substrate prior to depositing the coating 
material. The HHC process and its use for the depo- 
sition of intermediate layers have been adequately 
described in the literature [7, 8]. Investigations have 
also been reported on the properties of coatings 
deposited by this method and on the strength of the 
resulting bond between the coatings and the substrate 
[9-12]. 

The joining of similar and dissimilar metals through 
the use of the HHC method involves the deposition of 

0022-2461/87 $03.00 + .12 © 1987 Chapman and Hall Ltd. 

thick films of the intermediate layer and the subse- 
quent bonding of the coated surfaces, usually by hot- 
isostatic pressing (HIP) at relatively low temperatures 
ensuring the absence of a liquid phase. Interpretations 
of the structure of thick films deposited by this and by 
other physical vapour deposition (PVD) methods. 
have been largely based on two proposed, m.odels... 
Movchan and Demchishin [13] proposed a model. ~n: 
which the morphology of the thick deposited films 
(from micrometers to millimeters) is classified in. th, ree~ 
structure zones depending on the homologous tem- 
perature, Tn, which is defined as the ratio T/Tm,. wbere 
Tm is the absolute melting temperature of the. coating 
material. Specifically, the model classifies open-. 
porosity columnar structures as belonging to. Zorm 1 ~. 
which is favoured at TH ~< 0.3. Zone 2, on the. other 
hand, is characterized by densely packed columrm.r 
grains. This structure, according to this model ~ [1~3],. 
exists at 0.3 < TH < 0.5. At higher temperatures 
(T~ > 0.5) the structure is characterized by equia~eg 
grains and is designated as Zone 3 in the model. To. 
account for the effect of the inert gas pressur.v i~ 
sputter deposition processes, Thornton [14] extendect 
the model of Movchan and Demchishin by introduc- 
ing a transition zone (designating as Zone T) between 
Zones 1 and 2 of the earlier model. Zone T is chara¢~ 
terized by densely packed fibrous grains. According..." to 
the Thornton model the inert gas influences the strnc~- 
ture of the deposited layer through modification of the. 
energy of the condensate atoms in sputter depositivn 
processes. 

According to the two models described above 
[13, 14], the dependence of the film structure on 
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temperature is primarily the consequence of changes 
in diffusional fluxes of condensate atoms. At low tem- 
peratures, those corresponding to Zone 1, surface 
diffusion fluxes are relatively limited leading to growth : 
of the condensate nuclei in a perpendicular direction 
to the substrate, i.e. the opposite direction to the 
maximum heat flow. Lack of significant surface dif- 
fusion fluxes of condensate atoms on the substrate is 
proposed as the explanation for the observed open- 
porosity columnar structure of Zone 1. Higher sub- 
strate surface roughness and an oblique angle of 
incidence of  the vapour favour the occurrence of Zone 
I strttcture [15]. As the temperature is increased, sur- 
face diffusion contfibtttion becomes dominant and 
Zone 2 structures prevail. At still higher temperatures, 
volume diffusion becomes significant and Zone 3 
structures prevail [15-17]. 

In this paper we report the results of an investigation 
of theprevailingconditions during the HHC deposition 
of thick silver films on type 304 stainless steel sub- 
strates, and on the effect of these conditions on the 
structure and adhesion of these films. 

2. Experimental materials and methods 
The HHC assembly consisted of a 0.24cm thick, 
0.8 cm o.d. tantalum tube which served as the cathode, 
and a 5 cm diameter tantalum crucible (maintained at 
ground potential) which served as a reservoir for the 
evaporant, d.c. power supplies are used to provide an 
initial, - 2000 V, bias to the tantalum (cathode) tube. 
Under high vacuum conditions no discharge takes 
place but as argon gas is allowed to flow at 
46 atm cm3min -~ through the cathode, the chamber 
pressure rises to 0.7Pa and an electric discharge is 
initiated. Ions created in the discharge bombard the 
cathode causing it to heat up to temperatures where 
thermionically-generated electrons are emitted. Dur- 
ing this transition a d.c. arc welding power supply is 
switched on to supply the needed current and the 
cathode bias is turned off. The ions are directed by 
means of an electromagnet to the crucible holding the 
metal to be evaporated, in this case silver. The HHC 
process produces high concentrations of ions: argon 
ions from the arc discharge and evaporant ions 
resulting from the interaction of electrons with the 
evaporant atoms. These ions are directed towards the 
substrate through the biasing of the latter at - 2000 V, 
thus, causing the etching of the substrate. The etching 
c ycleJs k'Ol.lowed by the coating cycle during which the 
bias dr the  substrate is removed. Additional details of 
the ~ C  method appear in previous publications 
[7, 81. 

Substrates, made from type 304 stainless steel, were 
in the form of cylinders with approximate diameter 
and height of 15.3 and 7.9ram, respectively. These 
cylinders were inserted into closely machined holes in 
a 32 em diameter, 8.0 mm thick plate of stainless steel. 
This design configuration made it possible to inves- 
tigate accurately the thermal and spatial charac- 
teristics of the HHC process. Substrates were pos- 
itioned radially in the substrate holder to make 
possible the determination of the effects of tem- 
perature and the angle of incidence of the vapour. For 
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the geometric configuration used in this work the 
angle of the incidence varied from 0 to 7 ° for the centre 
of the substrate holder to 32 to 42 ° for the edge of this 
plate. The existence of a range of angles for each 
location is consequence of the relatively large diameter 
of the crucible holding the silver charge. The tem- 
peratures of the substrate cylinders were monitored by 
thermocouples inserted in holes drilled in the substrate 
holder plate close to the cylinders. Prior calibration 
runs have shown that the differences between the read- 
ings of these thermocouples and those placed in con- 
tact with the surfaces of corresponding substrates 
were within 4%. 

To obtain coatings at different temperatures, stain- 
less steel spacers and a copper conduction plate were 
used between the substrate holder and a rotatable 
water-cooled plate. As will be discussed in a subse- 
quent section, the former configurations provided 
generally higher coating temperatures with a strong 
dependence on the radial distance and the latter con- 
figurations gave lower but uniform temperatures 
across the substrate holder. Prior to their insertion 
into the substrate holder, substrate cylinders were 
lapped with SiC using five successively finer grit end- 
ing with 600. Following the final polishing operation, 
each substrate was degreased in trichloroethane and 
stored in sealed plastic bags until used in the coating 
experiments. Storage time varied between 7 and 10 
days. Substrate samples placed near the centre of the 
holder were randomly oriented with respect to the 
polishing scratches, while those placed near the out- 
side edge of the holder were oriented such that their 
polishing scratches were in a tangential direction. 
Following the positioning of the substrates, the tan- 
talum crucible is cleaned and charged with typically 
42 to 63 g of high purity silver, and the system is 
evacuated to a pressure of 100/~Pa or lower. Follow- 
ing an ion etching cycle (during which the substrate 
holder is negatively biased), silver is deposited onto 
the substrate to a thickness of 25 #m for samples 
placed near the centre of the holder. All coated sub- 
strates were allowed to cool in vacuum to a minimum 
of 70°C before exposure to the atmosphere. 

In order to assess the strength of the bond between 
the silver films and the 304 stainless steel substrates, 
tensile test samples were made using two distinctly 
different approaches. One of the approaches involved 
the hot-isostatic pressing (HIP) of two coated samples 
and the subsequent machining of a tensile test speci- 
men from the bonded couple. HIP bonding was car- 
ried out in evacuated cans subjected to a temperature 
of 600 ° C and an external pressure of 200 MPa. In the 
other method of forming tensile test samples, nickel or 
copper were electroplated onto the silver coating to 
provide adequate geometries from which to machine 
the tensile test samples. The tensile test samples were 
of the conical-head design, with a gauge length and 
diameter of 6.6 and 5.3 mm, respectively. The aspect 
ratio (ratio of diameter to length) of these specimens 
was larger than that recommended by ASTM. Larger 
aspect ratios can lead to non-uniform stress distri- 
bution. To assess this potential shortcoming of the 
tensile specimen, two unbonded specimens (i.e. made 



from one bar) were machined from stainless steel 
stock material. One of the specimens was drilled 
axially to remove approximately one-half of the stress 
area so as to eliminate the low-stress central core. 
The other sample was tested without further modifi- 
cation. Both specimens were tensile tested, each with 
three strain gauges positioned 120 ° around its circum- 
ference. At a given stress, the difference in the 
observed surface strains between the two specimens is 
an indication of a stress concentration at the outer 
regions. These experiments showed that the specimen 
geometry used in this study had near-surface stresses 
which were 25% higher than the stresses near the core. 

3. R e s u l t s  a n d  d i s c u s s i o n  
3.1. Thermal and spacial characterizat ion of 

the H HC process 
The temperature of a substrate holder plate during a 
complete cycle in the HHC process is shown in Fig. 1 
where the temperature is plotted as a function of time 
in the etching and coating stages. The plate was 
fastened by a collet to the rotating fixture and thus, 
was cooled at its edge. Temperatures were measured at 
three locations: the centre of the plate, the edge of the 
plate, and an intermediate position (4.45 cm from the 
centre of the 21 cm diameter plate). As seen from 
Fig. 1, the temperature during the etching cycle is not 
constant, regardless of the location of measurement. 
In contrast, the temperature during the coating cycle 
is relatively constant and showed a dependence on the 
radial distance. In order to determine the effect of 
temperature and radial position on the depth of etch 
we devised two experimental arrangements such that 
under one configuration we have a radial temperature 
gradient on the plate and under the second configur- 
ation we are able to maintain a constant temperature 
profile across the plate. The results for the first con- 
figuration are shown in Fig. 2. Each of the curves 
shown in this figure represents the radial distribution 
of temperature for the indicated duration of etching. 
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Figure 1 Thermal  characteristics o f  a complete H H C  cycle using an 
edge-clamped 21 em diameter stainless steel substrate. 
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Figure 2 The radial distribution of  the temperature o f  a stainless 
steel substrate ion-etched for various times. 

At any given position along the radius~ the tem- 
perature increases with increasing etching time up to 
65 min. Longer etching times (up to 105 min) had no 
effect on the value and radial distribution of the tem- 
perature. Depth of etch of the substrate resulting from 
a 105 min long etching cycle is shown in Fig. 3 plotted 
as a function of radial distance. Also plotted in Fig. 3 
are the results of surface roughness measurements on 
etched surfaces. The depth of etch decreased with 
increasing radial distance and decreasing temperature. 
However, as will be shown later, it is the former that 
is the determining factor on the depth of etcl't dis,tri~ 
bution. The data for the roughness of th~ etdaed sur- 
faces exhibited a maximum at a location approximately 
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Figure 3 The dependence o f  depth  o f  etch and the resulting surface 
roughness on the radial distance for a non-uni form temperature 
distribution. 
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Figure 4 The dependence of depth of etch and the resulting surface 
roughness on the radial distance for a uniform temperature 
distribution. 

midway between the centre and edge of the plate. The 
lack of correlation between the depth of etch and 
the roughness of the etched surface is puzzling and 
remains unexplained. 

In the second experimental configuration where the 
temperature was maintained constant across the entire 
plate, the depth of etch showed a strong dependence 
on the radial distance as shown in Fig. 4. The repro- 
ducibility of the depth of etch is indicated by the 
reasonable agreement between two typical runs shown 
in Fig. 4. Also shown in this figure is the dependence 
of the roughness on the radial distance of surfaces 
etched for 105min under a constant and uniform 
temperature of approximately 170 ° C, as shown in the 
figure. Analogous to the results reported Fig. 3, the 
roughness results for a constant temperature con- 
figuration showed a maximum at a point about 
halfway between the centre and the edge of the plate. 

A oomparison of the depth of etch data on Figs 3 
and 4, lead to the conclusion that this experimental 
parameter is governed primarily by the radial dis- 
tance. The depth of etch curve for a constant tem- 
perature profile is basically the same as that obtained 
when a temperature gradient of about 180 ° C existed 
during the etching stage. 

3.2. Bond s t rength and m o r p h o l o g y  
Results from ultimate tensile strength testing are 
shown in Table I. With the exception of the results 
obtain, ed from HIP-bonded specimens coated at 

T A B L E  I Bond breaking strength of eleetroformed and HIP- 
bonded specimens 

Coating temperature Angle of incidence Mean Breaking 
• (°~) (deg) Strength (MPa) 

EP* HIP* 

120 0 381 394 
37.3 382 407 

530 0 437 336 
37.3 405 420 

* EP and HIP rear  to elee~oplated and HIP-bonded specimens, 
respectively. 

Figure 5 Unbonded (dark) areas indicative of failure at the silver- 
silver interface. 

530°C with zero angle of incidence, the data listed in 
Table I are fairly uniform and provide the following 
general conclusions: 

1. For any given condition, the results indicate 
that electroplated and HIP-bonded joints have 
approximately the same strength. 

2. Variation of the angle of incidence of the vapour, 
0, from zero to 37 ° resulted in a small and probably 
insignificant difference in the breaking strength of the 
specimens. 

3. With the exception noted above, the results show 
that specimens coated at the higher temperature are 
somewhat stronger than their counterparts coated at 
the lower temperature. However, the magnitude of the 
increase in the breaking strength is relatively small, 
not exceeding 15% in any case. These results further 
imply that Zone T and 2 structures have similar 
strengths when bonded to stainless steel. 

4. For the electroformed specimens the results 
show that the use of nickel or copper gives the 
same breaking strength, within the experimental 
uncertainty. 

The low strength of the high temperature coated 
and HIP-bonded samples is apparently the conse- 
quence of poor bonding between the coated surfaces. 
Examination of the fracture surfaces from one of these 
samples showed evidence of failure at the silver-silver 
interface. Fig. 5 shows large unbonded (dark) areas on 
the fracture surface. Examination of these areas at a 
higher magnification shows the absence of features 
suggestive of ductile failure similar to that seen in the 
regions surrounding the dark areas (see Figs 6a and 
b). These features were nearly identical on both sides 
of the fracture plane. There was no evidence of failure 
at or near the silver-stainless steel interface. Examined 
fracture surfaces of all other HIP-bonded samples 
showed little if any failure at the silver-silver inter- 
face. Typically, these samples failed at or near the 
silver-stainless steel interface. 

Fig. 7 shows the stainless steel side of a failed nickel- 
electroplated specimen. Large areas of silver which 
had been separated from the nickel interface are 
evident as well as regions showing failure in the silver 
layer near the silver-stainless steel interface. The 
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Figure 6 (a, b) The absence of evidence of ductile failure in unbonded (dark) regions. Compare to surrounding areas. 

Figure 7 The stainless steel side of a failed nickel-plated specimen. 
Figure 8 Evidence of ductile failure in the silver layer near the 
stainless steel-silver interface. 

scratch marks on the top of the silver layer were 
produced through a preparation step prior to the 
electrodeposition of nickel. A closer (higher mag- 
nification) examination of this surface reveals a typical 
ductile fracture of the silver. The generally parallel 
pattern of the fracture (Fig. 8) is indicative of the 
polishing process on the underlying stainless steel sub- 
strate. Examination for the other side of this fracture 
plane, i.e. the nickel side shows a large percentage of 
failure at the silver-nickel interface; see Figs 9a and b. 

Figs 10a and b show the fracture surfaces of a 

specimen which was formed by the HIP-bonding of 
two stainless steel surfaces coated with silver at 120 ° C 
with 0 = 37 °. Failure appears to take place in the 
silver layer near the silver-stainless interfaces. 

3.3. Film structure dependence on the angle 
of incidence of the vapour 

Examination of the microstructurc of sectioned silver 
coatings on stainless steel substrates revealed, as 
expected, the dependence of the orientation of the 
grains on the angle of incidence of the vapour. 

Figure 9 (a, b) Evidence of failure at the nickel-silver interface for nickel-plated specimens. 
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Figure 10 (a, b) Fracture surface of  a HIP-bonded stainless steel specimen coated at 120°C with 0 = 37 °. 

However, this dependence was observed only when 
the vapours were deposited on relatively cool (120 ° C) 
substrates. Fig. 11 shows the structure of the grains 
and their orientation relative to the substrate for a 
silver coating deposited at 0 = 0 ° on a stainless steel 
substrate held at 120 ° C. In contrast, Fig. 12 shows the 
microstructure of a silver coating deposited under 
otherwise identical conditions except for 0 being 37 °. 
The correlation between the direction of growth of the 
silver grains and the angle of  incidence of the vapour 

was not observed for coatings deposited at substrates 
held at 530°C. Figs 13 and 14 show the microstruc- 
tures of such coatings deposited under conditions of 0 
being zero and 37 ° , respectively. 

Regardless of their orientation, silver grains grown 
at the higher temperatures (530 ° C) are distinctly dif- 
ferent in morphology from those grown at the lower 
temperature (120 ° C). Grains grown on cooler sub- 
strates are more fibrous in appearance and are 
suggestive of morphologies ascribed on Zone T in the 

Figure 11 Orientation and structure of  a silver film grown on a low 
temperature (120°(2) substrate with a normal angle of  incidence of  
the vapours (0 = 0°). 

Figure 13 Orientation and structure of  a silver film grown on a high 
temperature (530 ° C) substrate with a normal angle o f  incidence o f  
the vapours (0 = 0 ° C). 

Figure 12 Orientation and structure of  a silver film grown on a low 
temperature (120 ° C) substrate with an oblique angle of  incidence of  
the vapours (0 -- 37°). 
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Figure 14 Orientation and structure of  a silver film grown on a high 
temperature (530 ° C) substrate with an oblique angle of  incidence of  
the vapours (0 = 37 ° C). 



Thornton model [14]. A substrate temperature of 
120°C gives a homologous temperature 7", of 0.32 for 
silver. According to the Thornton model, Zone T is 
predicated for this value of 7", and the condensate is 
expected to be made up of densely packed fibrous 
grains. For films grown at the higher temperature 
(530°C), the model predicates a Zone 2 structure 
having a columnar structure. The present findings are 
in agreement with this prediction as seen in Figs 13 
and 14. 

Microhardness measurements were made on coat- 
ings deposited at the low (120 ° C) and high (530° C) 
temperatures. The average values resulting from such 
measurements are 161 and 137 (15 g Knoop hardness) 
for the low and high temperatures, respectively. The 
decrease in hardness with increase in the substrate 
temperature is in qualitative agreement with the 
observations of Movchan and Demchishin [13]. 
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