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Abstract

This paper advances previous reported work on the mapping and modelling of single
tracks and layers produced in powder beds of tool steel and stainless steel powders by a CO,
laser. For single tracks it reports on predicted and simulated track masses. It validates the
simulations, including the use of absorption close to 1.0 when cylindrical tracks are formed. It
also reports on melt pool temperature calculations and estimated melt pool dimensions which are
used, in conjunction with bed physical properties, to explain why the single tracks form as either
continuous with a crescent shape cross-section, continuous with an elliptical section,
discontinuously irregularly broken, discontinuously balled or only partially melted as scan
speeds and laser powers change. It then extends its scope, experimentally, to consider effects of
scan spacing on single layer formation.

Introduction

Metal powders may be processed either indirectly or directly by Selective laser sintering
(sls). In the indirect process the laser melts a polymer binder mixed with the metal powder to
create a shaped but weak green part. Strengthening occurs from subsequent furnace sintering and
infiltration [1]. In the direct process, the laser melts at least a fraction of the metal powder in its
path. Traditionally, the powder used is often a specially blended alloy or a powder mixture
containing low melting point metal binder particles which braze the non molten structural
particles. Component densities are often low and still require strengthening by further sintering,
infiltration or hot isostatic pressing [2,3,4]. More recently, a new technique is emerging in which
alloy powders and alloy powder blends are totally melted. Its name is selective laser melting
(slm), and its aim is to create a strong part that is usable without further processing other than
perhaps surface finishing. However, processing is much more difficult by this route and is still
the subject of major research studies. Control of melt pool flow is one major issue, more difficult
for standard alloys with small melting temperature ranges [5] than for specially developed alloys
or powder mixes with a wide range [6]. Frequently, fully molten metal will refreeze as
unconnected or loosely connected balls rather than continuous tracks [7,8,9]. There are a number
of approaches to avoiding this. Some authors propose as high a scan speed U as possible, subject
only to keeping the energy density P/(U) within a certain range, where P is the laser power [7].
Others suggest using low P and U to avoid balling [8,10]. Most successful processing is with
special alloys, with parts built up on a substrate, but that limits the areas to which the processing
may be applied.

The work of which this paper is part aims to process standard alloys without supports.
This paper records the track forms seen in different (P,U) conditions when single tracks of
ferrous alloy powders are melted by a continuous wave CO, laser, scanning at low speeds.
Depending on laser power and scan speed, tracks are formed either fully melted, partially melted
or not melted at all. The fully melted tracks are either continuous or balled. An understanding of
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what causes which form is then developed. A thermal model which enables the amount of melted
powder to be predicted is tested on experiments and used to estimate the temperature field
created in and around the melt pool. The model is then briefly applied to the simulation of raster
scanning multi-track, single layer coupons, to explore the changes associated with melting
powder in close proximity to melted and solidified powder.

The Finite Element Model

The finite element thermal, powder melting and densification model which is used for
thermal and post processing calculations is discussed. The methods have been described before,
both for laser sintering of polymers [11,12] and for recent developments in quantifying
temperature fields created in metal slm [13,14]. It is the continual development of the latter
which is the subject of review here.

The calculation is a time stepping one. To start, melted tracks or layers may already exist
in a bed. The laser is turned on and the first time step At started. A finite element calculation
updates the bed temperature 7(K) over the time interval Az. The bed density p (or porosity &) is
updated according to a (7,¢) densification law. This leads to bed geometry change. The cycle is
repeated as often as is required by the specified laser scan pattern. In the temperature calculation,
thermal conductivity in the melted material and powder bed is assumed to vary with porosity as
observed experimentally for copper [15]:

k =kg (1—8)/(1+ak£0'78) (1)

where £; is the solid conductivity and a; is chosen to fit the measured initial bed conductivity to
its measured initial porosity. k; and heat capacity C, are assumed to vary linearly with
temperature:

ks =kso+aysT, Cp=Cpo+acl . (2)

Evolution/absorption of latent heat L on melting/solidifying over the solidus/liquidus
range Ts to T; is treated by the temperature recovery method [16]. The move to metal track
modelling mainly requires a shift from two to three dimensional modelling. However, some 2D
results of metal powder bed melting simulations are reported in this paper. A five hundred-fold
reduction in computation time has been achieved by changing the finite element solver from the
previously used LUD method to a sparse matrix method [17]. Powder bed density is assumed to
change from its initial value to that of solid material as temperature increases from 7 to 7.
Based on viscosity dependence on solid fraction X in mushy state forming [18], it is supposed
that there is no densification for X >> 0.5 but as X reduces below 0.5, densification increases
instantaneously to a value depending on X. An empirical equation with these characteristics is, in
terms of porosity:

1- (e/spowder): {tanh(ap,[1- X])}" 3)

am = 5 and n = 4 give significant densification for X < 0.7 and have been used here. X has been
assumed to change linearly from 1 to 0 as 7 increases from 7 to 7;. The model does not follow
convection of material in the melt pool. Densification is assumed to result in sinking of solidified
material below the surface of the bed to form a crescent section track. However, total cross-
section area and hence mass m per unit length is calculated, as is the equivalent diameter D
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supposing the track is cylindrical. Thermal conductivity of and absorptivity o of laser energy
into the powder bed are inputs to the thermal model. An approach to determining these, based on
theory in [19], is used here. If heat P At is instantaneously absorbed at a point on the surface of
a powder bed, the maximum temperature rise at a depth z below the surface and the time taken
for that to occur are:

aPAt pC,2°
ATmax = 0-147@’ AT max :7 (4)
These equations are correct to better than 5% for laser beams of diameter 2a irradiating a
surface for the finite time At provided z/a > 4 and At /tarme < 0.1. A minimum estimate of
absorptivity oumin is obtainable from the track melting experiments themselves. Equating heat
absorbed to heat needed to melt the track gives:

C‘min(P/U):m{Cp(TL_To)"'L} (5)

where T, is ambient temperature. Consideration of o values is of major importance in this paper.
Experimentation

Materials. Three types of gas atomised powder have been used in this investigation: M2
and H13 standard tool steels and a stainless steel powder which is a high carbon content variant
of type 314s that is used for high temperature super plastic forming moulds. The composition of
each and their melting data is given in Table 1. All powders were obtained from Osprey Metals
Ltd, UK and were supplied with a particle size distribution of -150 + 75um and -75 + 38um. No
heat treatments, additives or fluxes or powder pre-heating was used in this work.

Equipment. The slm equipment has been described before [13,14]. A 120mm X 150mm
tray, which contained the levelled powder bed to a depth of 7mm, was used for all single track
and layer tests. The tray was placed within a custom built chamber able to be evacuated to
50mbar gauge pressure then back filled with a process gas to a pressure typically 30-50mbar
over atmospheric to minimise leakage into the chamber. Before a series of tests the back filling
cycle was repeated twice and the system was left to stabilise for 15mins. During stabilisation and
testing, the gas flow rate through the chamber was 3 litres/min. In most of the tests reported here
the process gas was 99.9% pure argon, but in one set of conditions melting was carried out in
argon to which 10% hydrogen was added.

Melting Experiments. Single tracks and layers have been melted, by a scanning CO; laser
beam, in the surface of beds made from gas atomised powders of composition and size fraction
reported above. Beam diameters at the powder bed surface were 0.6 mm and 1.1 mm. Delivered
powers and scan speeds have ranged from 10 to 200 W and 0.5 to 50 mm/s for single tracks and
0.5 to 500mm/s for layers (see Table 2). For the layers the scan spacing’s were 0.15mm, 0.3mm
and 0.45mm (25%, 50% and 75% of the beam diameter respectively). The tracks were nominally
30mm in length and 7mm apart and the single layers were 15mm x 15mm square. After a test,
the tray was removed and the tracks and layers photographed in situ. Those tracks which were
continuous and those layers which remained intact when handled were removed from the bed
with tweezers, brushed to remove excess powder as best as possible, and weighed. The actual
lengths, cross sections and widths and depths of single tracks were measure with callipers.
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Simulations. The finite element model was used to simulate in the same conditions as the
experiments. The main calculated quantities were the temperature distribution in the powder bed
and the mass per unit length of melt tracks. The temperature distribution enabled length, width
and depth of the melt pool to be estimated. Two estimates of mass per unit length were
calculated, an upper one for which the mass was taken to be of all that powder which
experienced an increase in density of more than 100 kg/m’and a lower one which included all
material that densified to within 300 kg/m® of fully dense. The estimated masses were not
sensitive to small changes in these chosen boundary values. The thermo-physical properties of
314S-HC, M2 and H13 in the solid state that were used in the simulations are listed in Table 3.
Linear approximations to thermal conductivity and specific heat were obtained from data
between about 100°C and 700°C in [20], though it was assumed that the specific heat of M2 was
the same as that of H13. Ts and Ty for M2 and H13 were calculated using ThermoCalc™
software and the Scientific Group Thermodata Europe (SGTE) Solid Solution (SSOL) database.
Phase diagrams have been published previously [21]. Ts and Ty for 314S-HC were estimated
from a conversion of its composition into Ni and Cr equivalents, according to formulae given in
[22]. Values for L were obtained from the rule of mixtures and the latent heats of melting of the
main alloy components Fe, Cr and Ni (again taking M2 and H13 to have the same values). All
the materials were assumed to have a solid density of 7850 kg/m’. The laser beam was modelled
to have a Gaussian distribution of power across its diameter.

Table 1: Powder Composition and Melting Data

Material | Composition, balance Fe Is T, L
C Si Cr Ni Mo W V | (°C) (°C) (kJ/kg)
M2 1.0 045 4.15 - 50 64 2 1246 1437 270
H13 0410 50 - 13 - 1 1361 1471 270
314s 04 10 2520 - - - 1280 1380 280
Table 2: Experimental Conditions.
Experiment Laser Power Scan Speed (mm/s) Scan Layer
(W) Spacing Thickness
(mm) (mm)
Single tracks 32,58,77,110, | 0.5,1-12,15, 18, 20, n/a n/a
143,170 25, 30, 35, 40,45, 50
Single Layer | 32,58,77,110, | 0.5,1,2,3,5,8,10, 12, 0.15, 0.3, n/a
143 15, 18, 20, 25, 30, 40, 0.45
50, 80,100, 120, 150,
200, 250, 300, 400, 500

Table 3: Solid material properties, derived from published sources.

ks,o Ak s Cp,o ac
(W/mK) (W/mK?) (J/kgK) | (W/mK?)
Material
314s 7.8 0.018 437 0.275
M2 18.1 0.011 313 0.5
HI13 28.6 0.00 313 0.5
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Further Experiments. Measurements of powder bed conductivity and absorptivity of laser
radiation have been calculated from the theory based on equations 4 after heating beds with a
4mm diameter stationary 10W CO, laser beam for 15s and measuring the variation of
temperature with time 10mm below the beds surface, with a copper-constantan thermocouple.
Beds were made in a similar manner to the main tests (to obtain similar density), but 30mm deep
in a cylindrical container of 60mm internal diameter (the dimensions were tested to be
effectively infinite from the point of view of heat conduction over the time period of the
experiment). These experiments differed from the main tests in that they were carried out in
laboratory air, rather than argon.

Single Track Experimental and Simulated Results

Five different qualitative forms of track were observed in the powder beds. Figure 1
illustrates these with examples formed at powers between 77W and 110W. At the lowest scan
speed, in an argon atmosphere, tracks (type A) were continuous and flat-topped or slightly
concave in the surface of the powder bed. This is the shape expected from densification by
melting, without material re-arrangement by convection or surface tension effects. With
increasing speed, tracks (type B) remained continuous but became rounded and sank into the
powder bed. This shape change, most likely caused by convection driven fluid motions (see
later), causes a large denude area or trench to surround the track. In Figure 1, the rulers next to
the type A and B tracks, with their 0.5mm divisions, give a scale to all of the tracks. Each ruler
rests on the powder bed and therefore the region of dark shadow between the ruler and the track
helps define track shape and gives an indication of the degree of sinking. As the scan speed
increases still further, the tracks (type C) became occasionally broken, although not always with
the regularity of the example in Figure 1. Each fragment was still cylindrical in shape, and was
often formed with a bobble of material at the start and, to a lesser degree, at the end of each melt
fragment. The melt fragments were again surrounded by a denude area but did not sink to the
same degree as track type B, with the characteristic bobble often rising above the level of the
powder bed. At even higher speeds, the tracks became more regularly and frequently broken
(type D). The termed ‘balled’ to describe the tracks became appropriate. Trenching, although to a
much lesser degree, was still visible and the majority of the ball volume was sat up above the
surface of the powder bed. At the highest speeds, extremely fragile tracks were formed (type E).
It will be shown later that these occur in conditions where maximum temperatures exceed Tg but
do not reach T.. They may therefore be described as partially melted.

Process maps were created, to show the combinations of laser power and scan speed at
which the different track types formed. Figure 2 shows four examples. In each, the dots mark the
P,U combinations at which tests were carried out. The letters A to E show the regions of each
track type. The region F is where laser power was insufficient to melt powder. All maps were
qualitatively similar. Maps were also created for H13 and 314s -150/+38 powders using a 10%
hydrogen addition in the process gas. These maps were again similar and so were deemed
unnecessary to be shown here.

Figure 3, shows track cross section shapes to either side of the A-B boundary for H13 -
150/+75 powder. The change from flat to rounded tracks at crossing the boundary at constant
power is accompanied unexpectedly by an increase in cross section area. This is discussed in
detail in [14]. However, for the completeness of results it is important to re-emphasise the
changes in calculated laser absorbtivity, omin, (eéquation 5) from track mass/unit length data as the
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A-B boundary is crossed. Values of C, and L from Table 1 were used. Figure 4 presents the
calculated values. The increase in track cross section shown in Figure 4 is associated with an
effective increase in absorption. Values greater than 1.0, as shown for M2 are clearly
impossible. Perhaps inaccurate values of specific and latent heats have been used, or the tracks
contain material that has not fully melted. Nevertheless, values are clearly greater than normally
associated with absorption of C0, laser radiation by metal powders. These expected lower values
are confirmed by the results of the further experiments using the stationary laser beam. The
results of the further experiments are collected in Table 4. It also summarises the absorbtivity
data from mass/unit length calculations, as well as powder bed densities and their thermal
conductivities. Figure 4 also shows stills of tracks longitudinal section either side of the A-B
boundary. The track nose is rounded. It has been discussed in [14] that that the shape of the
leading edge of the track reflects the laser beam forward, creating a region of secondary melting.
This was found to occur as speeds approx. greater than 2mm/s and may, in part, account for the
increase in mass, and associated increase in absorbance, at the A-B boundary.

Track Type
A B & ] E

Direction of

scan
P 110 110 110 110 77
Ulmmis) 0.5 2 15 25 40

Figure 1: Examples of five types of track A to E (all at nominally same magnification), from
tests with -150/+75 um M2 in argon atmosphere with a 1.1 mm diameter laser beam.

Figures 5 to 8 report example main results of the simulations. Unless otherwise stated,
material properties have been taken from Tables 3 and 4. In A and E regions, o values
determined from equation 4 have been used, while values from equation 5 have been used in the
B, C, and D regions (except that for M2 and H13, o has been rounded to 1.0 rather than using the
estimated 0.9 to 1.15 values). Values of a, (equation 4) have been chosen so that Az, is close to
the mid-range size of powder particles in a bed (for example, for -150/ +75 pm powders, a, = 8
has been used, giving Az, 100 um, depending on initial bed density).

Figure 5 compares predicted and simulated track masses. It validates the simulation,
including the use of a close to 1.0 when cylindrical tracks are formed. Here the simulations have
taken the mass per unit length to include all material densified by more than 10 kg/m’. Estimates
based on almost complete densification are in general 20% to 30% lower (increasing with scan
speed).
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Figure 3: Track cross-sections, H13 steel example

Table 4: Measured powder material properties (-150/+75 um size fractions except where

indicated)
Density K o o
Material (Ppowder bea) (W/mK) -150/+75pum | -75/+38um
314S-HC 4500 +30 | 0.29£0.03 | 0.28+0.03 | 0.52+0.05 | 0.60 £ 0.05
M2 4300+ 100 | 0.24+0.03 | 0.36+0.04 | 1.15+£0.05 | not tested
H13 4550+70 | 0.28£0.03 | 0.25+0.03 0.9+0.1 1.0+0.1
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Figure 4 Estimates of olyin, for -150/+75 um powders melted by a 1.1 mm diameter laser beam,
with (right) longitudinal track sections for H13 melted at 77W.

Figure 6 investigates temperatures generated in region E conditions for an M2 powder
bed example. It centres on a laser power range between 30W and 85W over which type E tracks
are formed at a scan speed of 30mm/s. This range is translated from the map onto an adjacent
graph which shows the calculated maximum temperature changes of the bed as a function of
power, for a scan speed of 30mm/s and a values of 0.36 and 0.25 (0.36 is the value measured for
M2 while 0.25 is the lower value measured for H13). The figure supports the hypothesis that the
lower limit to region E represents conditions in which peak temperatures just reach Ts while the
upper limit corresponds to peak temperatures reaching Ty

Figure 7 is concerned with conditions around the C-D boundary. Part (a) highlights two
paths ab (crossing the C-D boundary at a constant power of 77W) and cd (along the C-D
boundary) in the M2 process map. Part b records the calculated time in the melt and the length to
diameter (L/D) ratio of the melt pool (assumed cylindrical). Part (b) presents calculated
maximum melt time for M2 material in a track and calculated length to diameter ratio of the melt
pool, as scan speed is increased along path ab. Melt time reduces from close to 5s at the scan
speed of 1 mm/s to 0.16s at the C-D boundary. Over that speed range, the melt pool length
reduces from 4.8 mm to 2.4 mm (the melt time is the melt length divided by the scan speed) and
the melt pool effective diameter (estimated from the track mass per unit length, on the
assumption that the track cross-section is circular) reduces from 2.4 mm to 0.6 mm. As a result
the length to diameter ratio increases along ab, reaching the value of 3.1 at the C-D boundary.
Part (c) presents length to diameter ratios along the line cb, for M2 as well as the other two
materials. The results support the hypothesis that the C-D boundary is one of approximately
constant melt length to diameter ratio. The constant lies in the range 2.8 to 3.3.

Figure 8 is concerned with the A-B boundary. Part (a) reproduces a detail of the 314S-HC
process map from Figure 2. Simulations have been carried out at constant power and increasing
scan speed, along the three dashed paths (P = 77W, 110W and 143W) shown in the figure. Part
(b) shows how the surface temperature gradient in the melt varied along these path, assuming the
maximum temperature is at the centre of the melt pool (simulated) and the edge of the melt pool
was at the temperature Ti.. The asterisks mark the conditions at the A-B boundary. A-B may be a
boundary of constant melt surface temperature gradient, of around 280 °C /mm to 320 °C/mm.
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As the simulations do not model surface tension or convection driven fluid motions, and

region A is one in which such motions do not occur, the measure is appropriate for conditions in
region A, up to the A-B boundary.
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Figure 6: Process map for M2, -150/+75 um powder size and 1.1 mm laser beam diameter, with
temperature calculations at a scan speed of 30 mm/s
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Figure 8: (a) A-B region process map for 314S-HC from Fig 6; (b) surface temperature gradient
calculations along the dashed-lines of part (a)

Single Layer Results

Three different qualitative forms of track were observed in H13 powder beds (-
150/+75um). Figure 9 illustrates these with example layers formed at powers between 58W and
143W and for scan spacing’s of 0.15mm and 0.45mm. The processing gas was argon. At scan
speeds below 150W (actual value dependant on laser power) layers (type 1) were fully melted
with no to very little porosity. The porosity level was observed by holding the sample layer in
front of a light box. With increasing speed, layers (type 2) were still fully melted but contained a
much higher level of porosity (the actual level increased with increasing speed). Porosity levels
were not measured but were judged to range between 60% and 95% of theoretical density. As
the scan speed increased still further and as the laser power began to reduce, the layers (type 3)
became very fragile and extremely porous, to a level where their removal from the powder bed
became impossible without breakage.

Process maps were created, to show the combinations of laser power and scan speed at
which the different layer types formed for scan spacing’s of 0.15mm and 0.45mm (Figure 10a/b).
Region 4 is where P/Us values were insufficient to melt the powder. A further two maps were
also created (Figures 10c/d) which superimpose, for both scan spacing’s, layer types 2 then 3
with track types C then E respectively. These groupings were chosen due to their close boundary
proximity’s over the scanning conditions investigated, suggesting that perhaps porosity within a
layer occurs due to the break up of the individual tracks.

Conclusions

Five different track forms have been identified, depending on laser power and scan speed
In region A, the tracks have a flat or slightly crescent shaped surface. The longitudinal track
sections (Figure 4) suggest that the melt wets the surrounding powder. The melt ceases to wet the
powder at the A-B boundary. This leads to a rise in laser power absorption, a growth of track
section and the track sinking into the bed. In region C, tracks are occasionally broken. Even in B,
breaks are sometimes seen, caused by interruption of the formation cycle. We suppose that in C,
with its short melt times this happens more often. True instability starts at the C-D boundary. L/D
ratios there are close to the value  expected of a Rayleigh instability. This further indicates that
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the melt does not wet adjacent powder in regions B, C, D. In region E, bounded by lines of

constant P/U, partially melted track is evidence that maximum temperature lies between 75 and
Tr.

Layer type 1 Layer type 2 Layer type 3

Direction of scan

$=0.15mm|

S =0.45mm

Figure 9: Examples of three types of layers 1 to 4 (all at nominally same magnification) from
tests with -150/+75 um H13 in argon atmosphere with a 0.55 mm diameter laser beam.
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Figure 10: a/b H13 process maps for single layers with scan spacing’s of 0.15mm and 0.45mm
respectively and c/d track types C and E superimposed onto layers types 2 and 3.
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