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Abstract

Cold spray is a technology with great potential for additive
manufacturing applications. Due to the high levels of plastic
deformation experienced by the powder during the coating
process, any deposit will require heat treatment post-spraying
to improve ductility and fatigue strength. In extreme cases, the
residual stresses from coating can cause delamination or
compromise the bond strength when subsequent cold spray
layers are deposited. This work details the use of a commercial
CO:; laser cutter to perform a surface heat treatment on single
lines of cold sprayed aluminium, to relieve residual stresses.
The effect of laser power and traverse speed on material
hardness is quantified, and compared with as sprayed deposits.
The results shown in this work demonstrate the potential for in-
process heat treatment to reduce post-processing time and
improve coating quality by reducing residual stresses.

Introduction

Cold spray is a process where powdered material is accelerated
to high velocity using a supersonic nozzle, after which the
material impacts upon a substrate and deposits primarily
through plastic deformation, with no melting or other
significant thermal changes required [1]. Due to the large
amount of plastic formation required, work hardening will
occur within the material, often causing residual stresses within
the deposit [2]. The effect of residual stresses on coating
adhesion has been recognized as an issue which must be
understood to allow for the widespread application of cold

spray [3].

The magnitude of the residual stresses within a cold sprayed
deposit increase with increasing particle velocity, increasing
particle size, and as the angle of deposition approaches 90° [4].
Some investigations have examined the effect of substrate
preheating on residual stresses, finding that the substrate
preheating does not appear to affect the level of residual stresses
after deposition, but the deposition of subsequent layers seems
to cause tensile residual stresses between the deposited layers

[5], [6].

Both tensile and compressive residual stresses can be generated
in cold sprayed coatings [7], and where compressive stresses
are present they do not always deliver the anticipated
improvements in fatigue strength that would be commonly
expected [8]. Some attempts have been made to overcome the
poor fatigue properties of cold spray by using pre and post
process peening [9]. Post-spraying heat treatment can relieve

residual stresses in a variety of cold sprayed materials [10]-
[13], but these heat treatment processes require both time and
infrastructure [14], and can only be carried out after the cold
spray deposition is complete.

Lasers have been used in-process in cold spray to heat the
deposition zone, increasing deposition efficiency and allowing
for the deposition of more difficult materials [15]. There has
been work into post-spraying laser heat treatment by Carlone et
al., who studied the effect of laser heat treatment on titanium. It
was observed that an oxide layer and heat affected zone formed
after heat treatment using a 220 W diode laser with a 2 mm
diameter spot size, giving a power density of approximately 70
W/mm? [16]. Astarita et al. carried out laser surface remelting
of titanium using the same laser [17]. Carlone et al. found that
there was an optimum amount of energy input for effective heat
treatment, with lower heat input levels having no effect, while
higher heat input levels causing cracking of the coating. The
thermal mass of the substrate and coating was also shown to
change the heat treatment results obtained, with samples with
higher thermal mass showing less effects from heat treatment
due to lower peak temperatures during treatment.

This paper will investigate the potential for using a CO; laser
for heat treatment of a variety of cold sprayed materials. While
this heat treatment will be carried out post process, it is intended
to give insight into the possibility of implementing a laser
system for in process heat treatment during spraying operations.

Experimental Setup

Material Selection

In order to assess the effect of surface heat treatment, a range of
cold spray materials were chosen, with grades and powder
suppliers as follows:

1. Aluminium 6061 — LPW technology (Runcorn, United
Kingdom)

2. Copper (commercially pure) — Safina AS (Vestec,
Czech Republic)

3. Stainless steel (grade 304) — LPW Technology

4. Titanium (grade 2) — Active Metals (Sheffield, United
Kingdom)

Cold Spraying Operations

The four materials chosen were deposited onto aluminium
substrates using the parameters shown in Table 1. The cold
spraying was carried out in Trinity College Dublin using a
bespoke cold spray machine (as detailed in [18]), with a traverse



speed of 200 mm/s and nozzle standoff of 40 mm. Single tracks
were deposited for analysis and heat treatment.

Table 1: Cold spray parameters

Material Carrier gas Gas pressure | Gas heating
barg °C

Al 6061 He 20 100

Cu He 30 550

SS He 20 Room

Ti He 20 Room

Laser Heat Treatment Operations

A BRM 90130 CO;, laser cutter (BRM Lasers, Winterswijk, The
Netherlands) was used to carry out heat treatment operations on
the cold sprayed tracks. No focusing optics were used, with the
unfocussed spot size of approximately 6 mm diameter directed
in a zigzag pattern to cover the width of the cold sprayed track.
A constant laser power of 95 W was used for all heat treatment
operations, with a matte black paint applied to the samples prior
to heat treatment to minimize reflectivity and thus maximize the
amount of energy delivered by the laser beam. In this
configuration the laser has a power density of approximately
3.36 W/mm?. The heat treatment parameters used are shown in
Table 2. Aninitial investigation into the effect of traverse speed
was carried out on Al 6061, with the other materials being tested
at a single traverse speed.

Table 2: Laser heat treatment parameters

Material Traverse speed Number of passes
Al 6061 2.5,5,10, 15 mm/s

Cu

5 10 mm/s 1,510

Ti

Material Characterization

Heat treated samples were mounted and polished to allow for
inspection and hardness testing. Vickers hardness with a 100 g
load and 10 s dwell time was used, with measurements being
made close to the surface of the deposit, close to the substrate,
and at a position approximately halfway between the substrate
and surface. Previous studies have shown that microhardness
values decrease with heat treatment [19]. Any porosity or
particle boundaries were avoided to ensure that the hardness
measurement was a measure of the “bulk” hardness rather than
interparticle boundaries. Past studies have shown that
techniques such as nanohardness can have large variation in
results due to the weaker interparticle boundaries being
measured [12].

Results and Discussion

Aluminium 6061

The results of a preliminary investigation into the effect of
traverse speed are shown in Figure 1. For the 2.5 mm/s traverse
speed it was observed that more than one pass caused surface
melting on the sample, so these were not analyzed further. As

no shield gas was used, these samples would be expected to
show high levels of oxidation and be unsuitable for practical
applications. In order to avoid melting or recrystallisation
during heat treatment, it was decided to use a traverse speed of
10 mm/s for the remaining analysis.
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Figure 1: Coating hardness results for Aluminium 6061, for all
traverse speeds. Error bars are 95% confidence intervals. Edge
refers to the coating edge, while bottom refers to near substrate.

Figure 2 shows the results for aluminium 6061 for the 10 mm/s
traverse speed only, with the zero passes data points being those
of the as-sprayed samples. It is clear that at the coating edge
there is a reduction in hardness due to laser heat treatment, with
the effect reducing in magnitude in the middle of the deposit,
and further reducing near the substrate. The lowest mean
hardness values are achieved after 5 passes, after which there is
a slight increase in the mean in all locations, possibly indicating
that repeated heating/cooling cycles are having an effect
beyond a simple annealing process.
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Figure 2: Coating hardness results for aluminium 6061
samples. Error bars are 95% confidence intervals.

Figure 3 (overleaf) shows the polished cross sections of the
aluminium 6061 samples for all traverse speeds. There does not
appear to be any significant changes in material structure or
porosity levels as a result of laser heat treatment.
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Figure 3: Cross sections of mounted and polished aluminium 6061 samples after laser heat treatment



Copper

Figure 4 shows the hardness results for copper samples for a
laser traverse speed of 10 mm/s. Similar to the aluminium 6061
results, there is a reduction in hardness due to laser heat
treatment, with the minimum mean hardness in all locations
reached after one coating pass. This indicates a more complex
heat treatment process at work than annealing alone.
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Figure 4: Coating hardness results for copper samples. Error
bars are 95% confidence intervals.

Figure 5 shows polished cross sections of the copper samples.
As for the aluminium 6061 samples, there does not appear to be
any change in porosity level or material structure as a result of
the heat treatment process.

(a) As sprayed (b) Heat treated, 1 pass

(c) Heat treated, 5 passes (d) Heat treated, 10 passes

Figure 5: Cross sections and mounted and polished copper
samples after laser heat treatment

Stainless Steel

Figure 6 shows the hardness results for stainless steel samples
for a laser traverse speed of 10 mm/s. Unlike the aluminium
6061 and copper samples, there is no clear effect as a result of
heat treatment, for any location in the coatings.
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Figure 6: Coating hardness results for stainless steel samples.
Error bars are 95% confidence intervals.

Figure 7 shows polished cross sections of the stainless steel
samples. While the as sprayed and 1 and 5 pass samples do not
show any change in material structure, the 10 pass samples
shows several large cracks from the surface going through the
deposit, along with widespread cracking at interparticle bonds.
It is clear that the thermal cycling as a result of 10 passes of the
laser has fundamentally compromised the structure of the
deposit.

(c) Heat treated, 5 passes

(d) Heat treated, 10 passes

Figure 7: Cross sections of mounted and polished stainless steel
samples after laser heat treatment



Titanium

Figure 8 shows the hardness results for titanium samples for a
laser traverse speed of 10 mm/s. Similar to the stainless steel
results, there is no clear reduction in hardness due to heat
treatment, with the mean hardness being higher for the heat
treated samples than for the as sprayed samples. This would
indicate the formation of a surface oxide layer [16].
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Figure 8: Coating hardness results for titanium samples.
Error bars are 95% confidence intervals.

Figure 9 shows polished cross sections of the titanium samples.
The 1 pass and 5 passes samples have significant cracking, with
the 1 pass sample appearing to delaminate from the substrate,
while the 5 passes sample having a large crack originating at
the substrate and going through the deposit. The heat treatment
process has caused significant damage to the structure of the
deposit in each of these cases, with no discernable improvement
in the properties of the material.
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Figure 9: Cross sections of mounted and polished titanium
samples after laser heat treatment

Conclusions

An investigation into the use of a CO; laser as an in process heat
treatment for cold sprayed materials was carried out. From this
work the following conclusions can be made:

e Laser heat treatment was shown to reduce the hardness
of aluminium 6061 and copper samples, indicating
that some of the residual stresses caused by stain
hardening were relieved, without causing any changes
in material structure or porosity.

e This effect was not seen for stainless steel or titanium
samples, though the titanium samples did show
evidence of the formation of a surface oxide layer.

e Laser heat treatment was shown to cause cracking
within the deposit and at the substrate-deposit
interface in some cases for stainless steel and titanium.
Multiple passes of a laser heat treatment must be done
carefully to avoid cracking from thermal cycling.

e The feasibility of using a CO; laser to heat treat single
tracks of cold sprayed materials was shown.

e  Further investigation is required to optimize the heat
treatment process for each material, and to investigate
the optimal strategy for implementing an in-process
laser heat treatment system for cold spray.
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