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Abstract 

Laser deposition welds made of materials with high heat 
conductivity offer new possibilities for conformal 
cooling applications in tooling. The alloys are welded to 
the surface of a tool and covered with a layer of steel to 
give the necessary durability of the surface. The aim is 
to homogenise the temperature distribution along the 
surface and facilitate cooling while retaining a durable 
surface made of steel. As part of this work, different 
materials based on copper were welded and their heat 
conductivity measured in the as-welded condition. As 
results heat conductivities between 150 and up to 200 
W/mK were achieved. Subsequently a sandwich 
structure made from steel and copper was generated and 
heat distribution on the surface was measured. Also a 
near net shaped part made of two dissimilar materials 
was generated by laser deposition welding. 
 
 

Introduction  

Different experiments have shown that, even though 
almost no solubility exists, copper and steel can be 
deposition welded onto one another with good adhesion 
(Hutfless 2004), (Hedges 2004). 
This fact gave rise to the idea of using deposition welded 
layers of copper to aid heat transportation in casting 
tools. These layers are then covered by a layer of a tool 
steel to give the durability needed at the surface. The aim 
of these sandwich structures is to evenly distribute the 
heat introduced into the surface. In order to carry away 
the heat, cooling channels are still needed. Because the 
copper deposition welds can be located much closer to 
the surface of the tool overall heat conductivity towards 
the cooling channels is increased. At the same time the 
depositions welds can be easily deposited onto freeform 
surfaces at variable thickness without any gap between 

the base tool and the deposition weld which might 
hinder heat transfer. The laser process allows for small 
precise welds with precisions of deposition welds in the 
region of 0,2-0,5 mm, and allows welding with 
minimum heat input into the base material. 
One drawback of the approach lies in the poor welding 
behaviour of copper. High heat conduction and 
oxidation above 300°C as well as low absorption of laser 
radiation make it difficult to produce deposition welds 
made of copper. This is especially true when metal 
powders are used instead of filler wire to allow feeding 
of material independent of welding direction. For these 
reasons different copper based materials where tested. 
Heat conductivity was measured on weld samples 
produced in a job-shop environment where impurities 
and slack inclusions will inevitably reduce heat 
conductivity of the copper deposition welds as opposed 
to samples welded under a completely controlled 
atmosphere. This approach was chosen to guarantee 
subsequent reproducibility on larger, real life tools. 
As a prerequisite for application of laser deposition 
welding on tools, a 5 axes NC-controlled machine tool 
as well as software for generating the necessary NC-
programs existed in the form of a hybrid machine tool 
capable of laser deposition welding and milling. 
 

Method 

Laser deposition welding was carried out using blends of 
metal powders and a co-axial powder feeding nozzle that 
delivers the powder co-axially to the laser beam, 
eliminating any directional dependencies. The powder 
itself is fed from a powder feeder using an inert gas 
stream to carry the powder to the feeding nozzle. As 
laser source a 2 kW Nd:YAG laser was employed. The 
deposition strategy consists of a simple zigzag pattern 
with straight welds placed side by side to cover the 
surface. Besides the gas used to feed the powder, 
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additional shroud gas was introduced into the feeding 
nozzle. This resulted in the weld pool being covered 
with shroud gas during processing. Surrounding areas of 
the welds were not protected from oxidation. 
The machine tool used for deposition welding was 
especially designed by JOANNEUM RESEARCH for 
near net shape welding and high speed milling in one 
machine tool. Programming is done either using a 
milling CAM software or – in the case of simultaneous 
5-axes cladding or build-up of volumes – using a special 
software for near net shaped laser deposition welding. In 
the latter case the volume to be built is sliced into layers 
and welding tracks for each layer are generated 
automatically. 
Work was carried out in three steps. At first welding 
behaviour for different material concepts was tested by 
building small cylindrical samples. Several different 
materials on the basis of copper were tested after it was 
determined that pure copper powder could not be 
processed with the existing laser equipment. 
Because alloying elements that form solid solution 
crystals are known to reduce the heat conductivity of the 
base material, composites based on copper were looked 
at. As a first concept a blend of tungsten and copper 
powder was tested. Tungsten-copper composites are 
used in high-voltage electrical switches and combine 
conductivity and abrasive wear resistance. As an 
alternative - and based on the first results - laser 
deposition welds made from copper-iron composites 
were also tested. 
Whilst heat conductivity of copper alloys can be 
expected to be considerably lower then that of alloys 
(Askeland 1996) they should be easier to weld. For this 
reason copper silicon alloys were also used for welding 
tests. 
Following the welding trials the heat conductivity was 
determined for selected samples in the as-welded 
condition. For this the heat diffusivity was measured on 
small cylindrical samples using the laser flash method. 
From these values heat conductivity was calculated 
using measurements of density at room temperature and 
heat capacity as a function of temperature. Effects of 
thermal expansion on the density were neglected. In 
addition micrographs were taken from all welds and 
hardness measured.  
On the basis of these results two demonstration parts 
were built. One part included a flat sample with a 
sandwich structure at the surface composed of a layer 
made from a copper alloy followed by a layer of grade 
410 (AISI) corrosion resistant steel.  
As second part a small insert was built to demonstrate 
the build-up of three dimensional parts made from two 
dissimilar alloys. It combines a surface made of a nickel 
based alloy with a copper core within a small part. 
 
 

Results 

Tungsten-copper composites 

When examined from the outside, the deposition welds 
made from tungsten-copper composites showed a defect 
free surface and good deposition rates during welding. 
However metallurgical inspection revealed substantial 
amounts of cavities at the interface between deposition 
layers as shown in Fig. 1. Variations in tungsten content 
had only a limited effect on inter-layer defects, as did 
variations in energy input during welding. Given the 
defects within the welds tungsten-copper composites 
were considered unsuitable for deposition welding. 
 

 

a) 64% W (99 HV1) 

 

b) 33% W (53 HV1) 

 

c) 18% W (62 HV1) 

 

Fig. 1 Copper-tungsten deposition welds with different 
compositions 

Iron-copper composites 

Because iron shows very low solubility in copper, iron-
copper composites were looked at as an alternative. It is 
well known that even though copper will dissolve only 
very low contents of iron, heat conductivity is about cut 
in half. The expected heat conductivities of around 200 
W/mK were still thought of as acceptable. As with the 
tungsten-copper composites different compositions were 
tested in the form of powder blends. The iron-copper 
composites showed acceptable results during welding 
with little weld defects. However for smaller structures 
that heated up during welding, oxidation became an 
increasing problem for large numbers of welding layers. 
Typically a dark, black layer of copper oxide formed that 
greatly reduced wetting of subsequent layers. 
Micrographs of welds made from different powder 
blends are shown in Fig. 2.  



Fig. 2: Micrographs of different iron-copper composites 

In contrast to the tungsten-copper composites the iron-
copper composites formed spherical oxides. These 
oxides decreased in number with decreasing iron 
content. This was attributed to a reduction in weld pool 
temperature. As the melting point of the alloy decreases 
so does weld pool temperature. At the same time heat 
conductivity of the solid increases, additionally carrying 
away heat. From the different copper-iron composites 
welded cylindrical samples were machined out of the 
weld samples and heat conductivity was measured with 
results shown in Fig. 3. While welding behaviour 
showed no change for different contents of iron, the heat 
conductivity depends on the iron content and reached 
values of around 200 W/mK for low iron contents, 
despite the oxides contained within the welds. 

0,00

50,00

100,00

150,00

200,00

250,00

300,00

50 150 250 350 450 550 650

Temperature (°C)

H
ea

t C
on

du
ct

iv
ity

 (W
/m

K
)

80Cu20Fe
60Cu40Fe
40Cu60Fe
20Cu80Fe

 
Fig. 3: Heat conductivity of different iron-copper 
composites in the as-welded condition  

CuSi1 alloy 

Because of its higher solubility in copper, silicon is 
known to reduce heat conductivity even more then iron. 
But its deoxidising effect significantly improves welding 

behaviour. For this reason an alloy containing 1% silicon 
was tested. The alloy was again realized in the form of a 
blend made of silicon and copper powders. By 
comparison to the above tested copper based materials 
the CuSi1 alloy showed exceptional welding behaviour. 
With this alloy oxidation is not a problem even with 
high heat inputs.  

 
 

 
Fig. 4: CuSi1 in the as-welded condition 

Measurement of heat conductivity showed values around 
150 W/mK for Temperatures slightly above 400°C. 
Multiple measurements carried out on different samples 
showed fluctuations of around 10 W/mK for the same 
powder blend. The reason for these fluctuations lies in 
the fact that the samples are built in a welding process. 
As is the case with copper and most of its alloys heat 
conductivity of the CuSi1 welds increased with 
temperature, an effect that can also be seen for the 
copper-iron composites in Fig. 3. Micrographs of the 
CuSi1 welds revealed silicon flakes that did not dissolve 
during welding as shown in Fig. 4. During measurement 
of heat conductivity the samples were heated up to 
1.000°C. When compared to the as-welded condition 
shown in Fig. 4 these heated samples showed signs of 
disintegration with additional silicon being dissolved in 
the copper matrix. Hardness in the as-welded condition 
was measured at 67± 20 HV1 for different weld samples. 

Demonstration parts 

Following the initial welding tests, a flat 
100x100x30 mm sample part with a straight cooling 
channel at the interface to the copper deposition weld 
was built to determine the effect the “sandwich” layers 
made of CuSi1 and steel had on the surface temperature 
distribution during cooling. Fig. 5 shows a cross section 
through the “sandwich” structure. On a base material 
that represents the main tool body, CuSi1 is welded. 
This deposition weld is then covered by a deposition 
weld that forms the actual tool surface. In the case of the 
mentioned part - and shown in Fig. 5 - a deposition weld 
made from alloy 410 (AISI) is used. The demonstration 
part was built with a 5 mm thick layer of CuSi1 followed 
by a 8 mm thick layer of 410 steel. As a reference the 

a) 20% Cu, 80% Fe b) 40% Cu,  60% Fe 

 
c) 60% Cu, 40% Fe d) 80% Cu,  20% Fe 



same part made entirely out of the base material (St52) 
was manufactured. The reference part had the same 
height as the finished demonstration part. Also the 
distance between the cooling channel and the surface 
was identical. Both parts were placed side by side and 
heated to approximately 120°C before water was sent 
through the cooling channels. 
 

 
Fig. 5: Cross section trough base material, CuSi1 
deposition weld and top layer made of alloy 410. 
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Fig. 6: Temperature drop after cooling start. Start 

Temperature app. 120°C 
During cooling the surface temperature of both samples 
was recorded using a thermal imaging camera with the 
samples lying side by side, being cooled under identical 
conditions. Fig. 6 shows the resulting temperature drop 
across the surface of both samples after different cooling 
times. The profile was measured in the middle of the 
samples and perpendicular to the cooling channel 
running through the samples. The left part of the graph 
corresponds to the demonstration part with the 
“sandwich” structure. The right side corresponds to the 
reference sample. A small gap between the samples 
ensured adequate isolation. Only a small temperature 
difference of approximately 10°C can be seen between 
samples with the temperature gradient across the surface 
nearly the same for both samples.  
To test the combination of dissimilar materials on in 
three dimensional parts, in addition the upper half of a 
small insert was built up by near net shape deposition 
welding as shown in Fig. 7. As the part was built layer 
by layer, the inner core was made from a CuSi alloy 

while for the outer “skin” a nickel based alloy of the 
type C276 was used. Fig. 7 shows the insert with a cross 
section through one of the thin front sections that is only 
2 mm wide and shows both materials. The entire insert 
was built in the above mentioned hybrid machine tool 
using one single NC-program. 
 

~ 2 mm 

 
Fig. 7: Upper half of a small insert generated using two 

different materials 

Discussion  

Even though all samples were generated by laser 
deposition welding without any protective atmosphere 
other then a shroud gas nozzle, the heat conductivities 
measured were all in the range from 100 W/mK to 200 
W/mK. 
The copper-tungsten composites showed extensive 
cavities believed to be a result of the inability of the 
molten copper to infiltrate the tungsten particles stuck to 
the surface of the last layer. Here using a higher laser 
power might be an alternative that – by melting the 
tungsten particles – could result in the formation of 
acceptable welds with good heat conductivity. 
For the copper-iron composites a steady decrease in 
conductivity is observed for increasing iron contents. 
The amount of iron grains rather then the iron solved in 
the copper grains seems to be the main reason for this. If 
the reduction in oxides that is observed for lower iron 
contents has a significant effect on cheat conductivity 
can not be determined from these tests. Out of question 
is the detrimental effect the oxidation has on the ability 
to produce multi layer deposition welds. For all copper-
iron composites oxidation reduces the ability to produce 
small parts by near net shape welding.  
While the heat conductivity for copper based material 
usually rises with temperature – as electrons become the 
main elements of heat conduction – in most steels heat 
conductivity will decrease with temperature. This effect 
can be observed for the welded copper-iron composites 
as well. For the composite with only 20% copper the 
matrix is formed by iron rather then copper and 



conductivity decreases with temperature. It seems 
noteworthy that at room temperature the heat 
conductivity of this composite with 20% copper 
embedded in the iron matrix is actually higher then that 
of the composite with 40% cooper and 60% iron. The 
reason for this is thought to lie in the fact that heat 
transfer between grains made of different materials (i.e. 
copper and iron) is much lower then in each of the 
metals. With a composition of slightly less then 50% 
copper, the effective copper cross section is greatly 
reduced and the iron grains are not yet interconnected 
forcing the heat to either follow a long thin line of 
copper matrix or repeatedly cross the iron-copper 
interface. 
The CuSi1 alloy tested showed a significant amount of 
not dissolved silicon in the welds. This is due to the very 
low absorption silicon has at the laser wavelength of 
1.064 nm and the large powder grain seize of about 
150 µm. As a consequence, the silicon content in the 
copper matrix is probably much lower than 1%. With the 
not dissolved silicon flakes long term stability of the 
material remains unclear as silicon will tend to dissolve 
in the copper matrix at elevated temperatures. For future 
applications the use of a smaller grain seized silicon 
powder or the use of diode lasers at wavelengths 880-
920 nm may be advantageous.   
Mechanical properties of the welds have not fully been 
tested, but due to the absence of nickel values for tensile 
strength will be much lower then those of comparable 
copper-nickel alloys used in tooling. However, in 
combination with the near-net-shape deposition welding 
process mechanical properties of the copper based 
composites are thought to be secondary as strength of 
the structure will be given through the surrounding tool 
steel. 
As far as the temperature distribution measured on the 
surface of the demonstration part is concerned a reduced 
thickness of the surface layer made from the 410 steel 
will be tested. It is believed that the 8 mm thick top layer 
is responsible for the temperature gradient still observed. 
Finding optimum values for the dimensions of the weld 
layers remains to be done. Ideal values will not only 
depend on heat conductivity but also on the strength 
needed for the surface layer. 

 

Conclusion 

Welding tests of the different copper alloys and 
composites showed that with laser deposition welding 
acceptable welding results as well as heat conductivities 
in the region between 150 and 200 W/mK can be 
achieved. While these values are considerably lower 
then the 398 W/mK of pure copper, they are in the same 

region as those of different copper-nickel alloys offered 
for tooling applications (Ampco 2006) with the 
advantage that laser deposition welds easily be applied 
to existing surfaces. The laser welded materials show a 
much lower hardness when compared to the copper 
alloys conventionally used in tool. However they are not 
used to build the whole insert, but instead are applied in 
combination with different alloys that offer the 
necessary durability. Future combinations can include 
nickel based alloys of good strength at elevated 
temperatures as well as corrosion resistant steel or 
special abrasion resistant welds.   
In order to allow economically sensible application, 
besides the required process parameters for welding, 
software solutions and machine tools as in the form of 
the mentioned hybrid machine tool are under 
development at Laserzentrum Leoben.  
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