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ABSTRACT 

The properties of spray deposited materials are critically determined by a number of process 
parameters, such as the superheat of the melt,the atomisation gas pressure, the ratio of the flow rate of 
the molten material and the atomisation gas or the flight distance of the disintegated droplets. This 
presentation reports on examinations ofthe infiuences of various process parameters on the spray 
deposition behaviour, the resulting microstructure development and the mechanical properties of 
copper based materials. The investigations were at fust focused on pure copper to eliminate influences 
of alloying elemenu. The microstructure and porosity development of pure copper showed a well 
defined deuendence on urocess uarameters and orocess technolow as well as a sensible reaction on -. 
temperntu& dis~ibutio'within ;he deposited products. While mostly billets had been sprayed. some 

( resulu gained from the spraying of sheet material are also shown and discussed to demonshte the 
Special aspects of different product forms. 

Spray deposition is the inert gas atomisation of a liquid meta1 stream into variously sized dropiets, 
which are then propelled away fram the region of atomisation by the fast flowing atomising gas. The 
droplet trajectories are intempted by a substrate, which collects and solidifies the droplets into a 
coherenf near fdly dense preform. By continuous movement of the subsbate relative to the atomiser 
as deposition proceeds, l q e  preforms can be produced in a variety of geornetries including hillets, 
tubes and sheets (Figure 1). The combination of a rapid solidification of the droplets during 
atomisation with cooling rates of 10'- 10' Ws [I] and a subsequent slower cooling ofthe bulk 
material after deposition is characteristic for the spray forming process. The resulting material 
properties are critically determined by a number of process parameters, such as the superheat of the 
melt, the atomisation gas pressure, the ratio of the flow- rate of the molten material and the atomisation 
gas or the flight distance of the disintegrated droplets. By optimisation of these parameters, the spray 
deposition process becomes suitable to produce homogeneous, segregation free materials with fine 
equiaxed pain sbctures, increased solubilities of alloying elements and small sized precipitates [2' 
31. A prerequisite for the optimisation and successful operation of the spray deposition process 
however mandates a knowledge of the effect of each process Parameter and its interference with the 
other ones on preform shape, microsmcture and mechanical properties for the relevant base materials 
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Figure 1. Schematic view of an experimental spray forming faciiity and of spmy formed products 

The compiling of the necessary understanding of the entire process is the main objective of the special 
research program "Spray Forming" (SFB 372) at the University of Bremen. For the achievement of 
this objective the SFB 372 follows a widespread, interdisciplinary approach, where steel, copper and 
its alloys as well as aluminium alloys (in future) both unreinforced and particle reinforced are the 
materials under consideration (Figure 2). 
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Figure 2. Overview of the interdisciplinary research activities in the fieid of spray deposition at the 
University of Bremen 
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1 aswell as of droplets for the e&nination of more fundamental aspects. The evaluation of these 
I expenments considers aspects as the development of the microslructure, the resulting geometry, 

mechanical properties and follow-on processing in dependence on the product form. The evaluations 
are rounded off by an intensive feedback with the analytical parts of the p ro -m,  the modelling and 
simulation of the process. The present article descrihes mainly the experiments and results for pure 
copper billets supplemented by results for pure copper sheets, which Cover the influence of different 
product forms. 

I 

i 
EXPERIMENTAL ASPECTS 

All described spray deposition experiments had been perfonned in the spray forming pilot plant at the 
University of Bremen. Its main technical data is given in Table I The spray forming unit is equipped 
with a single "kee fall atomiser" unit with a scanning System. It can he used for the spray fonning of 
billets. sheets and tuhes. Es~eciaiiv for the generation of flat uroducts a linear substrate motion has to 

I I 
I 
I 
I 

- 
be combined with an atomiser oscillation with high scanning angles. With its spray chamber 
dimension of 12x2 m, a melting power of 50 kW and a melting capacity of 5 liee copper billets of up 
to 160 mm diameter and 200 mm height and sheet material with a tpical  size of 6OOxIjSSO mm can 
be sprayed. 

Table I. Technical data of the spray forming plant at the University of Bremen 

Melting i Meltins Metal- 
Power Capacity Flow-Rate 

tkwl I11 , Ik%'sl 

Atomizer Atomizer 
Unit Gas 

I 

Billets, 
Sheeü, 
Tubes 

The material used for the present study was disintesated by N2 gas. AC described later, the essential - - - -  
process Parameters investigated had heen the superheat of the melt AT, the g a  (~ver-fpressure p or 
rather the gashetal-ratio GMR and the atomiser-deposit distance z' which had been varied in the 

i range of AT=200-350 K, p=1.5-4.0 bar and ~ 5 0 0 - 6 0 0  mm respectively. The melt flow rate was kept ' constant at 0.217 kgis so that the range of the gas pressure corresponded to a GMR of 0.69 to 1.35. In i 
j 

the following the GMR will be added within brackets behind the values for the gas pressure. 

' For microsmicture analyses of the sprayed bille& discs of 10 mm thickness were sawed out of the 
middle of the deposit and halved. One half of each disc was macro etched, the other was used for 
density measurements. Mechanical properties of the sprayed billets were evaluated by Vickers 
hardness testing (HV 03/25). To avoid faulty measurements regions with extremely high porosity 
were not considered. 



MICROSTRUCRJRE DEVELOPbENT OF SPRAYED BILLETS 

Sprayed pure copper demonstrates a %eil defmed dependence of the microsüucture and porosity 
development on the process Parameters, especially on the superheat of the melk and the gas pressure. 
Figure 3 to 5 illustrate the microstnicture evolution and the measured denSi9 dismbution within the 
bille% in dependence on an increased superheat of the melt. n i e  gas pressure was kept constant at 
2.5 bar (GMR=0.95) as was the atomiser-deposit distance of 600 mm. A superheat of the melk of 
200 K resulted in a fme equiaxed gain smcture with an average grain size of 20 pm (Figre 3). 
Furthermore, the deposit showed a high porosity, especially in the upper central region and at the 
lower edge with measured densities of 88 % and 77 % of the theorehcal density respectively. I:. the . - 
middle ofthe billet a density of 96 % maximum and a hardness of 42 HV were measured. 

2Omm Density Distribution [%J 
H 

Figure 3. Cross section of a billet, sprayed with AT=200 K and p=2,5 bar (GMR=0.95). Macro etcbing 
for microstmcture analyses (left) and density dismbution (right) 
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Figure 4. Microstnicture development (left) and density distribution (right) of a billet, sprayed with 
AT=300 K and p=2,5 bar (GMR=0.95) 
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When the superheat of the melt was increased from 200 K to 300 K (Figure 4) the average grain size 
of the deposits increased from 20 pm to 50 P. In addition to the general increase of the grain size a 
region with sipificantly larger ga in  sizes of up to 150 pm developed in the centre of the billet, which 

: was caused by secondary ga in  growth during the cooling of the billets especially after deposition. The 
heat from the bulk material was removed rather slowly to the environment and to the substrate, so that 
the temperaiure in the cenue section remains on a high level for a considerable amount of time. The 
location and size of the coarse gained region conesponds to the Zone with the high residual 
temperature, so that this region is generally cailed the "hot spot". The porosity of the material however 
decreased with increasing superheat and a material density of up to 99 % especially in the middle of 
the deposit was determined. Caused by the reduction ofthe porosity an increase in hardness of up to 
51 HV was measured. 

With a further increase of the superheat to 350 K (Figure 5) the grain sizes g e w  to 60 pm in the outer 
regions of the deposit, in the "hot-spot"-region grain sizes of even more than 1 mm could he 
measured. In the Zone of the excessive gain growth the average hardness of the deposit decreased to 
37 HV. The density distribution of this deposit was more uniform in contrast to the deposits sprayed 

1 with a superheat of 200 K and 300 K respectively. 

20mm 
H Density Distribution [%I 

Figure 5. Microstnicture development (left) and densie disuibution (right) of a billet, sprayed wirh 
AT=350K and p=2,5bar (Gh.IR=0.95) 
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F i p r e  6. Microstniciure development (left) and density distribution (right) of a billet, sprayed with 
AT=300K and p=4bar (GMR=1.35) 
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A higher gas pressure amounting from 2,s bar (GMR=0.95) to 4 bar (GMR=1.35) led generally to 
decreasing grain sizes and increasing porosity in all regions ofthe deposits. Figure 6 shows the 7 typical 
microstructure and density distribution of a billet sprayed with a superheat of 300 K and a gas pressure 
of 4 bar. 

With the exception ofthe "hot-spot" region an average grain size of 35 Fm was measured. In spite of 
tbe high porosity the average hardness amounted to 64 HV which is amibuted to the fme-grained 
structure. Furthermore; a fine layered microstmcture could be observed (Fipre 6) which reflects the 
characteristic cyclic growing of these billets during deposition. The boundaries ofthe Iayers consist of 
lines of interconnected irreguiar pores as illustrated in Figure 7 (a). This was typical for copper bille6 
sprayed with a gas pressure of 4 bar corresponding to a GMR of 1.35. The porosity occurs when the 
liquid fraction of the spray cone is insufficient to fill interstices between subsequent layers. In addition 
banding appears when the time between rotation over a particular area allows the original surface to 
solidify. Similar observations have been documented by numerous investigators 14-61. 

Figure 7. Appearances of porosity: (a) Optical mic ro~aph  of porosity caused by a deposition process 
with mal l  fraction of liquid; (b) scanning electron micropph of gas porosity e 

Another s p e  of porosity of sprayed pure copper becomes obvious by scanning electron microscopy as 
it is shown in Figure 7 (b). The fomation of spberical pores. especially at the grain boundaries arises 
from entrapped atomisation gas and is attributed to the generai Pack of solubility of nitrosen in copper 
alloys. The gas-related porosity may he reduced by adding an alloying element that reacts with tbe 
atomisation gas. Hence, the alloying element hehaves as a gathering agent for the entrapped gas and 
thereby prevents the formation of gac pores. The effective elimination of nitrogen caused porosity in 
copper alloys by zirconium has clearly been demonstrated by several groups involved in spray casting 
i6, 71. 

A pbenomenon observed for sprayed pure copper billets is shown in Figure 8. During spray forming a 
conical region of insufiicient compaction grew up spmetrically to the top of die deposit. The surface 
morpholog looks like a "cauliflower" (Figure 8 (a)). Scanning electron microscopy exhibits an abmpt 
transition from the sufficiently deposited material to the "cauliflower"-region (Figure 8 (b)) which 
contains a high fraction of completely solidified particles (Figure 8 (C)). A comparison with the spray 
forming behaviour of different steels where no "cauliflower" could be observed lead to the suggestion 
that the "cauliflower"-formation may be supported by the high thermal conductivity of pure copper. 



Figure 8. Surface morphology of the „cauliflower"-phenomenon (a); scanning electron micrographs of 
the t i s i t i o n  from the completely deposited material (left) to the "cau1iflower"-region (nght) (b) and 

its high fraction of solidified particles (C) 

Initial investigations 181 showed, that in addition to the core process parameters the specific process 
technology, e.g. the configuration and motion of the substrate or the scanning of the atomisation 
nozzle influence the "cauliflower" formation decisively. Increasing the superheat of the melt andlor 
decreasing the gastrnetal-ratio reduced the "cauliflower" regions within the hillets but did not prevent 
it completely. Only after a supplementary geometrical rearrangement of the subsbate reIated to the 
spray cone combined with an adjusted bansverse substrate motion during deposit growing led to 
improved results. Furthermore, the scanning of the atomisation nozzle supported a more uniform 
deposit growth which counteracted the "cauliflower" formation. 

SOME SPECIALITIES OF FLAT PRODUCTS 

Although not being the main topic of these investigations, some aspects and results of spray forming 
of flat products will also be presented to demonstrate the considerable influence of the product 
geomeny. In comparison with sprayed fomed billets flat products are characterised by a high ratio of 
surface to volume so that the microstructure developrnent is more critically determined by the heat 
transition from the bulk material to the substrate and the upper free surface. Therefore, flat products 
tend to develop higher porosity in the cooler peripheml regions (Figure 9 (b)), an effect, which has 
also been found for aluminium and steel strips [9,10]. 



Figure 9. Spray formed copper strip (a) and the porosity disbibution w i t h i  the as-sprayed stnicture of 
pure copper @) 
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Figure 10. Schematic description of the deficits of spray formed flat products and approaches to 
quality improvement 



As for the spray formed billets the amount of porosity could be minimised by increasing the superheat 
of the melt and decreasing the gaslmetal-ratio. While the bulk section of a flat product may be sprayed 
pore free, the porosity at the surfaces ofthe flat products couldn't be avoided by changing the process 
Parameters alone. An approach for further improvement is the use of substrate materials with low heat 
conductivity and evenly heated Substrates, while complete densification may only be achievable by an 

regions also imply a danger of excessive oxidation of the product. Generally this would prevent the 
1 achievement of a high quality product even by post-processing, so that a hot rolling stcp under inert 

gas "in-line" with the spray process has to be developed [10]. As can be Seen in Fisure 9 (a), a furthsr 
1 . problem for flat products is the fluctuation of the Cross section i. e. the height and the width of the 

approaches to their solving are schematically summarised in Figure 10. 

CONCLUSIONS 

, are very sensitive to the variation of the most irnportant process Parameters, the superhear of the melt 
/ and the gas pressure. A fine grained microsmicture can be achieved with a low superheat of the melt 

I and a high gas pressure, but both Settings result in a high amount of already solidifird particlei in thc 
spray cone causing a higher porosity. The formation of porosity in sprayed pure copper c m  only be 

i minimised by the variation of relevant process panmeters but not prevented completely. Up ro neu I pore-free copper deposits could only be achieved by adding specific alloying elements. Due to their 1 higher share of surface areathe development of the microsmicture of flat products is determined to a 

/ large extent by the heat flux to the Substrate and to the environment. Especially the porosiv of ttie 

/ peripheral regions cannot be eliminated completely by optimisation of the process Parameters ahne  
but may lead to the establishing of suitahle post processing steps, e.g. "in situ" hot rolling undsr 
protective atmosphere to achieve good product qualities. 
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