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ABSTRACT

Free-form laser consolidation is a novel manufacturing process that produces a functional complex part layer
by layer directly from a CAD model without any moulds or dies. This process uses a laser beam to melt a
controlled amount of injected powder on a base plate to deposit the first layer and on previous passes for the
subsequent layers. As opposed to conventional machining processes, this computer-aided manufacturing
(CAM) technology builds complete functional net-shape parts or features on an existing component by adding
instead of removing material.

Laser consolidation of Ni-base IN-625 and IN-738 superalloys, Ti-base Ti-6Al-4V alloy, Co-base Sellite 6
alloy and Fe-base CPM-9V tool steel has been investigated. The laser consolidated (LC) materials are
metallurgically sound, free of cracks or porosity. Due to the rapid solidification inherent to the process,
excellent material properties are obtained. The as-consolidated Ti-6Al-4V material shows tensile and yield
strengths comparable to the heat-treated wrought Ti-6Al-4V. The LC Sellite 6 is harder, stronger and even
more ductile than the respective material produced by conventional casting or powder metallurgy method.
The average stress rupture life of LC IN-738 specimens at given test condition is substantially longer than that
of cast IN-738 baseline samples. Pin-on-disk wear tests demonstrate that the wear loss of the LC CPM-9V
material is only about 1/3 compared to that of the heat treated D2 tool steel currently being used for many
tool and die applications. The LC samples also show very good surface finish and dimensional accuracy.
Surface finish of the order of 1~2 xm (Ra) is obtained on as-consolidated IN-625 samples. In this paper, laser
consolidation process will be introduced, the functional properties of the laser-consolidated materials will be
described, and the potential applications of the process will be discussed.

1.0 INTRODUCTION

The Integrated Manufacturing Technologies Institute of the National Research Council Canada (IMTI-NRC)
is developing a novel process called “Laser Consolidation” to build functional net-shape components directly
from metallic powder in one step [1-3]. The laser consolidation is a one-step computer-aided manufacturing
process that does not require any moulds or dies, and therefore provides the flexibility to quickly change the
design of the components. Thus, the lead-time to produce final parts could be reduced significantly. In
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addition, this computer-aided manufacturing process provides an excellent opportunity for manufacturing
complex parts that are difficult to make by conventional manufacturing processes.

As opposed to the conventional machining process, this new technology builds complete parts or features on
an existing component by adding rather than removing material. The parts built by the laser consolidation
process are metallurgically sound, free of porosity or cracks. Due to the rapid solidification inherent to the
process, excellent material properties are exhibited by the laser-consolidated materials, such as Ni-base
superaloys, Co-aloys, Ti-aloys, stainless steels and tool steels [1-6].

In this paper, laser consolidation process is introduced, the functional properties of the laser-consolidated
materials are described, and the potential applications of the process for manufacturing structural components
are discussed.

20 PROCESSDESCRIPTION

The laser consolidation process requires a solid base onto Laser beam

which a part is built (Figure 1). A focused laser beam is Powder delivery
irradiated on the substrate to create a molten pool, while nozzle
metallic powder is injected simultaneously into the pool. A
numerically controlled (NC) motion system (3 to 5 axes) is
used to control the relative movement between the laser
beam and the substrate. The laser beam and the powder
feed nozzle are moved following a CAD model through a
pre-designed laser path, creating a bead of molten material
on the substrate, which solidifies rapidly to form the first
layer. The second layer is deposited on the top of the first
layer. By repeating this process, a solid thin walled
structure is built. When the laser path is designed properly
to guide the laser beam movement, a complex shaped part Substrate
can be built directly from a CAD model without any mould
or die.

Built-up
Wall

Figure 1: Laser consolidation process.

A Nd:YAG laser coupled to afiber-optic processing head is used for the laser consolidation work presented in
this paper. The laser is operated in a pulse mode with an average power ranging from 20 to 300 W. A powder
feeder is used to simultaneously deliver metallic powder into the melt pool through a nozzle with the powder
feed rate ranging from 1 to 30 g/min. All laser consolidation work is conducted in a glove box and at room
temperature, in which the oxygen content is maintained below 50 ppm during the process.

The functional properties of five typical laser- consolidated materials, Ni-base IN-625 and IN-738 alloys, Ti-
base Ti-6Al-4V aloy, Co-base Stellite 6 alloy and Fe-base CPM-9V tool steel, are presented in this paper.
The microstructures of the LC samples were examined metallurgically with an optical microscope aswell asa
scanning electron microscope (SEM). A Philips X'Pert X-ray diffraction system was used to identify the
phases of the LC samples. A 100 kN Instron Mechanical Testing System was used to evaluate the tensile
properties of the LC samples.
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3.0 FUNCTIONAL PROPERTIESOF LC MATERIALS

3.1 IN-625Alloy

IN-625 is a Ni-base solution hardening superalloy, containing 0.03 %C,
22% Cr, 9% Mo, 3.7 % Ta and Nb. Laser consolidation of IN-625
powder produces metalurgically sound components, free of cracks or
porosity. Figure 2 shows three LC IN-625 samples, a hollow square, a
hollow cylinder and a hollow cone. These samples were prepared for
measurement of the surface roughness as well as the dimensional
accuracy.

It is evident that LC IN-625 samples show very good surface finish.
Surface roughness measurement reveals that the average roughness (Ra)
of the as-consolidated IN-625 samplesis about 1.5 ~ 1.8 um.

Figure 2: Three as-consolidated
. C IN-625 samnles.

The LC samples have very good dimensional accuracy. For the 25 mm
x 25 mm thin-wall square, the standard deviation in wall thickness and height is only about 0.025 mm and
0.038 mm respectively, while the wall parallelism is within the range of 0.050mm. The average squareness
between walls is 90.00° with a deviation of 0.02°, while the average perpendicularity of square walls against
the base plate is 89.92°. For the cylinder, the standard deviation in the inner and outer diameters is within
0.050 mm. For both the thin-wall cylinder and the cone, the deviation in circularity is less than 0.050 mm,
while the deviation in cylindricity and conicity is 0.086 mm and 0.069 mm respectively. It is notable that the
measurement of the inclined angle for the built cone is 9.93° compared to the required 10°. These errors could
be attributed to the repeatability errors in the motion system as well as the errors caused by the laser
consolidation process itself. The source of these errorsis under investigation.

The LC IN-625 material shows unique directionally
solidified microstructure due to rapid solidification
inherent to the process (Figure 3). The cross-sectional
view along the vertical direction (build-up direction)
shows that LC IN-625 has columnar grains growing
amost parallel to the build direction (Figure 3a), while
the horizontal cross section shows that the LC IN-625
consists of fine cells of around 2-3 um in diameter

(Figure 3b). The X-ray diffraction reveals that the LC IN- 20 um

625 has the same y phase as the IN-625 powder: a face- -

centered cubic structure with a lattice parameter of 3.59 (a) (b)

A. The directional solidification of LC IN-625 material is Figure 3: Microstructure of LC IN-625 alloy
aong the (100) crystallographic plane, which is the (a) vertical cross-sectional view, and
typical dendritic growth direction of face-centered cubic (b) horizontal cross-sectional view.

structure materials[7].

The LC IN-625 material exhibits very good mechanical properties (Table 1). Along the horizontal direction
(perpendicular to the build direction), the yield strength (cp2) and tensile strength (oyrs) of the LC IN-625
material are 518 MPa and 797 MPa respectively, while the elongation is about 31%. When testing aong the
vertical direction (parallel to the build direction), both the yield and the tensile strengths are slightly lower to
477 MPa and 744 MPa respectively, while the percentage elongation increases significantly to 48%. The
anisotropic behaviour of the tensile properties of the LC IN-625 alloy may be attributed to its directionally

RTO-MP-AVT-139 15-3
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solidified microstructure. The yield strength and the tensile strength of the LC IN-625 along both directions
are significantly higher than the cast IN-625 and comparable to the wrought material, although the elongation
along the horizontal direction is dightly lower.

Table 1: Tensile properties of LC IN-625 alloy

Conditions G0.2 (MPa) OuUTS (MPa) ) (%)
LC IN-625 Horizontal 518+9 79748 31+2
Vertical 477+10 744120 48+1
Cast IN-625 [8] 350 710 48
Wrought IN-625 [9] 490 855 50

3.2 IN-738 Alloy

IN-738 is a nickel-base y'-precipitation hardening superalloy containing 16.1% Cr, 8.34% Co, 3.27% Al,
3.38% Ti and other alloying elements. It has an excellent creep strength and hot corrosion resistance and has
been used for manufacturing gas turbine airfoils in hot section [10]. Similar to the LC IN-625, the LC IN-738
also shows directionally solidified microstructure: very fine columnar y dendrites growing almost paralel to
the building direction. XRD analysis reveals that the preferred orientation is along the (100) crystallographic
plane.

Precipitation of y' particles is the primary strengthening
mechanism for the IN-738 superalloy. The as
consolidated IN-738 materiad does not have 7v'-
precipitates, while precipitated carbides are distributed
uniformly aong the interdendritic regions. After a
standard heat treatment cycle (1120°C x 2 hrs/air cooling
+ 845°C x 24 hrsair cooling), a significant amount of y'-
particles precipitated in the LC IN-738 matrix (Figure 4a).
Compared to the cast IN-738 (Figure 4b), the heat-treated
LC IN-738 shows the similar but finer bimoda v’
distribution: coarse particles in near cuboidal shape plus

fine particles. (a) LC IN-738

(b) Airfoil IN-738

Figure 4: Observation of y' precipitates
in airfoil and LC IN-738, x15,000.

Table 2: Comparison of room temperature tensile properties of LC IN-738 with Cast IN-738 alloy

Material Condition outs (MPa) oo (MPa) 5 (%)
Vertical direction 1202 869 18
As-consolidated +23 +5 +2
LC IN-738 Vertical direction 1269 869 17
Heat-treated +35 +19 +2
Horizontal direction 1084 880 6.7
As-consolidated +23 +14 +1.7
Cast IN-738 [11] Heat-treated 1100 915 5
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The LC IN-738 material shows very good tensile properties (Table 2). Along the vertical direction, the tensile
and the yield strength of the as-consolidated IN-738 is about 1202 MPa and 869 M Pa respectively, while the
elongation is about 18%. After the standard heat treatment (1120°C x 2 hrg/air-cooling + 845°C x 24 hrg/air-
cooling), the tensile strength of the LC IN-738 dlightly increases to about 1269 MPa, while its yield strength
and elongation remain the same.

Along the horizontal direction, the as-consolidated IN-738 shows slightly higher yield strength (880 MPa), but
relatively lower tensile strength (1084 MPa) and smaller elongation (6.7%), as compared to the vertical
direction. It should be noted that the tensile test data are very consistent within each testing group (Table 2),
which indicates that the laser consolidation process has an excellent reproducibility.

Compared to the tensile properties of heat treated cast IN-738, the heat-treated LC IN-738 along the vertical

direction shows 15% higher tensile strength and 240% higher elongation, although itsyield strength is dightly
reduced by about 5%.

Table 3: Stress rupture life tested at 1010°C (1850°F) and 55 MPa (8 ksi)

Sample No. LC IN-738 LC IN-738/Cast IN-738 Cast IN-738 Baseline
#1 515 hrs. 123 hrs. 206 hrs.
#2 236 hrs. 175 hrs. 116 hrs.
#3 485 hrs. 128 hrs. 187 hrs.
#4 455 hrs. - -
Average 423 hrs. 142 hrs. 170 hrs.

The LC IN-738 material shows excellent stress rupture life (Table 3). Under the test condition (1010°C and 55
MPa), the average stress rupture life of LC IN-738 material is about 423 hours, which is more than double the
life of the cast IN-738 baseline (170 hours). The excellent stress rupture life of the LC IN-738 may be
attributed to its directionally solidified microstructure, uniform y’ particle precipitation, and fine and uniform
carbide distribution.

The stress rupture life of LC IN-738/cast IN-738 specimens ranged
from 123 to 175 hours with an average value of 142 hours, which falls
within the acceptable range of the cast IN-738 baseline specimens
(from 116 to 206 hours with an average life of 170 hours). It should be
pointed out that the machining quality of the LC IN-738/cast IN-738
specimens was unsatisfactory, which could have contributed to the
relatively low value. Further analysis is being conducted on these
samples to identify the causes of low readings.

Figure 5 shows an IN-738 aloy airfoil built directly on a cast IN-738
substrate. The laser consolidated airfoil shows a good surface finish
with an average roughness (Ra) of about 3 - 4 um under as

. - Figure 5: LC IN-738 airfoil built
consolidated condition. on cast IN-738 substrate.

3.3 Ti-6Al-4V Alloy

Ti-6Al-4V is an (a+p) aloy that contains o stabilizer element Al and 3 stabilizer element V. The typica as-
cast Ti-6Al-4V microstructure consists of transformed 3 containing acicular o as well as o, at prior-p grain
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boundaries, while the annealed wrought Ti-6Al-4V bar typically consists of equiaxed a grain plus
intergranular  [12].

:.-. \ \.'_'
. \\ ) \'\\‘
o N 100 5 i leipl s 10 ¢ 6um
et Aty AL A R e Y il | AN
(a) Optical micrograph, x100 (b) Optical micrograph, x1000 (c) SEM micrograph, x1500

Figure 6: Microstructure of LC Ti-6Al-4V.

The microstructure of the LC Ti-6Al-4V aong the vertical cross-section is shown in Figure 6. The LC Ti-6Al-
4V shows somewhat equiaxed grains (Figure 6a) with acicular phase inside (Figure 6b). A high-resolution

SEM photo reveals that grain boundary is hard to distinguish and no secondary phase can be observed along it
(Figure 6c).

Table 4: Tensile properties of Ti-6Al-4V alloy

Materials 002 (MPa) ours (MPa) E (GPa) 5(%)
. LC TI-6AI-4V 899 979 o1 14
(thick-wall specimens)
_ LC TI-6A|-4V 1062 1157 116 6.2
(thin-wall specimens)
Cast Ti-6Al-4V
(As-cast or annealed) [13] 890 1035 - 10
Wrought Ti-6Al-4V
(annealed bar) [14] 825 895 110 10
Wrought Ti-6Al-4V
(solution treated and aged bar) [14] 965 1035 110 )
Wrought Ti-6Al-4V
(solution heat treated + aged) [15] 1103 1172 - 10

The tensile properties of the LC Ti-6Al-4V materids are listed in Table 4. The thin-wall LC Ti-6Al-4V
material has ayield strength of 1062 MPa and a tensile strength of 1157 MPa. The elongation in 25 mm gauge
length is 6.2%. The tensile and yield strengths of the thin-wall LC Ti-6Al-4V are substantially higher than the
as-cast/annealed cast Ti-6Al-4V and annealed wrought Ti-6Al-4V, and comparable to the wrought Ti-6Al-4V
in solution treated plus aged condition. The elastic modulus of the thin-wall LC Ti-6Al-4V (116 GPa) is

comparable to the wrought material (110 GPa). However, the elongation of the LC material is lower than the
cast or wrought Ti-6Al-4V (8-10%).

Thethick-wall LC Ti-6Al-4V material isfound to have adlightly lower tensile and yield strengths but a higher
ductility than the thin-wall material. The average yield and tensile strengths of this material in the as-
consolidated condition are 899 MPa and 979 MPa respectively. The average elongation is around 11.4% and
the elastic modulus is dlightly higher at around 121 GPa. The tensile properties of thick-wall LC Ti-6Al-4V

15-6 RTO-MP-AVT-139
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are till comparable to the as cast or annealed cast Ti-6Al-4V material and higher than the annealed wrought
Ti-6Al-4V material.

1200
e LCTi-6Al-4V (thin-wall)
1000 x LCTi-6Al-4V (thick-wall) ||
= 800
g Cast
[ parts ANNNNNN
B 600 Wrought
c annealed
2 Cast plusHIP ﬂ 1]
= 400
&
=
200
0
100 1003 10M 1005 1076 10N7 1078

Cyclesto Failure, Nf

Figure 7: Fatigue data of laser consolidated Ti-6Al-4V compared
with cast and wrought/anneal Ti-6Al-4V (R=+0.1) [16].

The results of the high-cycle fatigue tests are displayed in Figure 7. Both thin-wall and thick-wall LC Ti-6Al-
4V specimens were tested in the as-consolidated condition at room temperature. As a preliminary study, only
five thick-wall LC Ti-6Al-4V specimens were tested to determine how the fatigue properties of LC Ti-6Al-4V
are affected by the L C process parameters. The plot also shows reference data [16] for cast, cast plus HIP and
annealed wrought Ti-6Al-4V for comparison purposes. The endurance limit shown by the thin-wall LC Ti-
6AIl-4V specimens is around 400 MPa, which is at the high end of the cast material scatter band. The
preliminary tests conducted on thick-wall LC Ti-6Al-4V specimens have demonstrated a significant
improvement in fatigue resistance over the thin-wall specimens. The results show that the endurance limit of
the thick-wall LC Ti-6Al-4V material is in excess of 500 MPa, which is well within the scatter band of
annealed wrought material. These preliminary results are very promising and demonstrate that the adjustment
of LC processing parameters can significantly improve the fatigue properties of LC Ti-6Al-4V.

The wall thickness of fatigue specimens can also affect the fatigue resistance results. For axial fatigue testing,
alarger wall thickness results in a greater volume of material that is exposed to the maximum stress on each
cycle. This typically leads to a greater likelihood of earlier crack initiation and therefore more conservative
results of fatigue life. Consequently, the increased fatigue resistance of the thick-wall specimens should not be
attributed to specimen geometry alone.

34 Stellite6 Alloy

Stellite 6 is a Co-base wear resistant alloy containing 1% C, 27% Cr, 4.7% W and 0.9% Si. The Co-Cr-W
system aloy retains its hardness at elevated temperatures and is especially effective for wear applications at

RTO-MP-AVT-139 15-7
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high temperatures or in a corrosive environment, and are widely used as wear-, corrosion- and heat-resi stant
materials [17].

Compared to the conventional casting or powder metallurgy method, the laser consolidation produces Stellite
6 material with significantly better mechanical properties: harder, stronger, and even more ductile (Table 5).

Table 5: Mechanical properties of the LC Stellite 6 alloy

Processing Method Condition outs (MPa) Go.2 (MPa) 8 (%) HRc
As-consolidated 1245455 751+16 3.1+0.1 58
LC Stellite 6 (Vertical)

As-consolidated 1362+30 1023+15 3.2+0.4 59

(Horizontal)
Sand Casting [18] Stress-relieved 834 541 1-2 46
Investment Casting [18] As-cast 793 662 3 37
Powder Metallurgy [18] - 896 - <1 40

The tensile strength of LC Stellite 6 is about 1245 MPa in the vertical direction and 1362 MPa in the
horizontal direction, which are about 50% higher than the values in the cast or powder metallurgy Stellite 6
(only about 793 to 896 MPa). The Laser consolidated Stellite 6 material is 25-55% harder, which is a
significant increase. The average hardness of the LC Stellite 6 along vertical and horizontal directions is about
Hv 663 and Hv 681 respectively, which is equivalent to about Rc 58 to 59, while only about Rc 37 ~ 46 is
exhibited by the same material produced by the casting or powder metallurgy method. The yield strength of
conventional cast and powder metallurgy Stellite 6 is about 541 to 662 MPa, while laser consolidation
increases the yield strength to 751 MPa (vertical direction) and 1023 MPa (horizontal direction), representing
an increase of 15-90%. The elongation of LC Stellite 6 materia is about 3.1-3.2%, which is similar to that
obtained by investment casting (3%), but much better than that produced by sand casting (1-2%) or the
powder metallurgy method (<1%).

The excellent mechanical properties of the LC Stellite 6 material is attributed to its refined microstructure
produced by the rapid solidification inherent to the process. It is well recognized that dendrite arm spacing
(DAS) significantly affects the mechanical properties of cast aloys [19]. Generally speaking, an increase in
the solidification rate reduces the DA S with increased mechanical properties. [19]. The cooling rate during the
conventional casting process is in the range of 10° — 1 k/sec, which results in a characteristic DAS of 50 to
500 um. The characteristic DAS in the LC Stellite 6 materia is only about 1.2 — 3.3 um, which represents a
cooling rate of 10° — 10° K/sec [20]. The fine DAS in the LC Stellite 6 directly contributes to its exceptional
mechanical properties compared to the conventional casting or powder metallurgy Stellite 6 material with a
much coarser dendritic microstructure.

3.5 CPM-9V Tool Steel

CPM-9V is a vanadium-carbide type of tool steel developed by Crucible Research for powder metallurgy
applications. The CPM-9V powder contains 1.8% C, 9.26% V, 5.35% Cr, 1.24% Mo and 0.91% Si. Compared
to conventional tool steels, CPM-9V exhibits excellent wear resistance [21].

15-8 RTO-MP-AVT-139
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The LC CPM-9V has a very fine microstructure, which
isvery hard to identify under optical microscope. A high
resolution SEM photo (Figure 8a) shows that as
consolidated CPM-9V has two-phase microstructure: a
light, very fine and snowflake-like phase precipitated on
the dark matrix. The thickness of the light snowflake-
like phase is only about 100 nm (Figure 8b). EDS
analysis indicates that the light phase contains higher
percentage of Vanadium (about 12 — 14 %) and
Chromium (about 6 — 6.6%) compared to the dark
matrix (about 9% V and 5.7% Cr). The XRD analysis
reveals that the light phase is (V,Cr)gC; type carbides,
whilethe dark is o phase.

@ (b)

Figure 8: Microstructure of LC CPM-9V by high
resolution SEM, (a) x 6,500, and (b) x 40,000.

LC CPM-9V material shows very good tensile properties (Table 6). Along the vertical direction, the as-
consolidated CPM-9V has average yield strength of 821 MPa and tensile strength of 1315 MPa. The Elastic
modulus of the consolidated CPM-9V is about 234 GPa. Unfortunately, all specimens failed outside of the
gauge length and therefore, the accurate elongation data were not available. But based on the measured data
within the gauge length, the average elongation of the as-consolidated CPM-9V will be 2.6% or higher. It
should be noted that al tensile test data are very consistent and the scatter ranges are small, which again
indicates that the laser consolidation process has excellent reproducibility.

Table 6: Tensile properties of LC CPM-9V tool steel

Sample Vertical Direction (As Consolidated)
No. ours (MPa) | 602 (MPa) 3 (%) E (GPa)
#1 1358.9 883.8 2.3* 229.6
#2 1295.0 787.0 2.8* 230.6
#3 1303.8 835.9 2.2* 244.5
#4 1303.8 778.1 3.1* 232.7
Average 1315429 821+49 2.6* 23447

LC CPM-9V adso shows excellent wear resistance
(Figure 9). Pin-on-disk test reveadls that, under the given
test conditions (samples tested against ¥4" dia. WC ball
under 500 g load at a linear speed of 0.28 m/s for a total
distance of 8000 m), LC CPM-9V specimens (Rc.50-55)
showed significantly better wear resistance compared to
hardened D2 (Rc. 64-65) and normalised 4340 (Rc.35-
36) materials. The average volume loss of the LC CPM-
9V specimens was about 0.0211 mm?®, which was only
about the 1/3 of the volume loss of D2 specimens
(0.0595 mm?®) and about one order of magnitude lower
compared to the 4340 specimens (0.2185 mm?).

In addition, the wear loss of WC balls against the LC
CPM-9V material was aso significantly lower than that
of the same balls against the D2 and 4340 steel. The

Wear Volume Loss (mm?3)

Normalized 4340

LC CPM-9V

1 2 3 4 5 6
Test Number

Figure 9: Pin-on-disk wear test
results (disk volume loss).
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average wear volume loss of the WC balls against the LC CPM-9V was only about 0.01855 mm?®, while the
ball volume loss against the D2 and 4340 steel was increased double and triple (0.0417 mm?® and 0.0538
mm?°), respectively.

It isinteresting to notice that athough the hardness of the LC CPM-9V materia is only around Rc.50-55, but
its wear resistance is clearly superior to the hardened D2 steel with a hardness of around Rc. 64-65, which is
consistent with the observation on powder metalurgy (P/IM) CPM-9V material [21]. The excellent wear
resistance of the LC CPM-9V may be attributed to the precipitation of (V,Cr)sC; carbides due to the high
vanadium contentsin the alloy.

40 POTENTIAL APPLICATIONS

As evident in the preceding sections, the laser consolidation process
provides a unique capability to manufacture fully functional net-shape
components directly from CAD models in one-step. Especidly, this
process provides the potential to produce very complex thin-wall
structures that are difficult or even impossible to manufacture by other
methods.

Figure 10 shows a complex Stellite 6 shape built on an A36 stee
substrate. The laser consolidated sample has smooth surface finish and
its cross section reveals very uniform wall thickness.

Figure 11 shows a complex LC IN-625 shell and itscross sectioninthe  kiqure 10: LC Stellite 6 sample.
middle. It is evident that this novel process produces high quality,

fairly complex shapes directly from a CAD model with acceptable surface finishes in as-consolidated
condition without any further processing.

Figure 11: A complex Figure 12: As-consolidated IN-
LC IN-625 shell. 625 alloy fins on a stainless steel

Laser consolidation is a material addition process that can directly build functional features on an existing
component to form integrated structure without the need of welding or brazing. Figure 12 shows that several
IN-625 aloy fins were built on a stainless steel shaft using the laser consolidation process. The bond between
the laser consolidated features and the existing component is metallurgically sound, without crack and
porosity. Compared to conventional welding process, the heat input from laser consolidation process to the
substrate is minimal, resulting in avery small heat affected zone (several tens micrometers). By using the laser
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consolidation process, more unique features can be added to the components to provide additional
functionality, reduce manufacturing time and cost.

In addition, since laser consolidation does not require any moulds
or dies, it provides the flexibility to change the design quickly to
make functional components to meet various industrial demands.
The lead-time to produce customized components could be
reduced significantly. Figure 13 shows a LC CPM-9V rotary
cutting die after final sharpening. The die was manufactured by
laser consolidation of CPM-9V to build customized cutting blades
on pre-machined substrate. Several rotary cutting dies passed
production testing and the LC CPM-9V die successfully cut more
than 180,000 meters of labels without the need of re-sharpening. |
Custom’s response to the laser-consolidated dies is very  E&
promising.

Figure 13: Laser consolidated CPM-9V
rotary cutting die after final sharpening.

5.0 CONCLUSIONS

e Laser consolidation builds metallurgically sound samples with IN-625, IN-738, Ti-6Al-4V, Stellite 6
aloys and CPM-9V tool steel. The LC samples are fully dense, free of cracks or porosity.

e TheLC samples show good surface finish, dimensiona accuracy, excellent mechanical properties and
other functionality.

e Laser consolidation provides many unique opportunities for manufacturing functional net-shape
components for various industries, such as complex thin-wall structures that are difficult or even
impossible to manufacture by other methods, add delicate features onto existing components,
manufacture customized components, with short turn around time and reduced cost.
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MEETING DISCUSSION - PAPER NO: 15

Author: L. Xue
Discusser: P. Carroll
Question: 1. Powder size and usage? 2. Criticality of set-up?

Response: 1. All powders are reusable. Test shows that the re-used powders have the same mechanical
properties. 2. Set up is critical. Technical know-how is essential to ensure the process stability.
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Introduction

- process description, advantages, other players in the field,
IMTI’S unique process

* Functional Properties of Laser Consolidated Materials

- accuracy, finish, tensile properties, stress rupture life,
fatigue strength, etc.
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« Based on laser cladding, this novel
process produces a functional part
layer by layer directly from a CAD
model by using a laser beam to
melt the injected powder (or wire)
and re-solidifying it on the previous
pass.

« As an alternative to the
conventional machining process,
this computer-aided manufacturing
(CAM) process builds complete
parts or features on an existing part
by adding instead of removing
material.

Laser Consolidation

Process

Laser Powder Delivery
Nozzle

Built-up Wall

Substrate Plate

Laser Consolidation Process
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In the Field

Sandia National
Laboratories, USA:
“Laser Engineered Net
Shaping (LENS)”.

University of Liverpool,
U.K. “Laser Casting”.
Height - 8.5cm

University of
Michigan, USA:
“Direct Metal
Deposition
(DMD)”

AeroMet, USA:
“Laserform”
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Dimensional Accuracy

Hollow Square Tube:
Wall Thickness - 0.775 + 0.025 mm

 LCIN-625 samples showed
excellent dimensional

Wall Height - 20.785 + 0.038 mm _
Parallelness - 0.048 mm (opposite walls) accuracy and surface finish.
Squareness - 90.00° £ 0.02°
Perpendicularity - 89.92° + 0.15°
Cylinder:
Cylinder ID - 37.041 + 0.048 mm
Cylinder OD - 38.631 + 0.033 mm
Height - 20.790 £ 0.069 mm
Circularity - +0.043 mm (ID & OD)
Conical Sample with 10° angle:
Angle - 9.93° + 0.07°
Circularity - +0.043 mm (ID & OD)

Note: Samples were made from IN-625 alloy powder.
All values are averages of at least 6

measurements.

Surface Finish up to 1-2 um Ra
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« The LC IN-625 alloy and 316L stainless steel are stronger than
the respective cast materials and comparable to wrought

materials.

Conditions oy OuTS Elong.

(MPa) (MPa) (%)

As-consolidated Horizontal 518 797 31

IN-625 Vertical 477 744 48

Cast IN-625 350 710 48

Wrought IN-625 490 855 50

As-consolidated Horizontal 344 560. 35

316L Vertical 328 540 43

Cast 316L (CF-3M) 262 552 55

Hot finished & annealed 316L 170 480 40

Cold finished & annealed 316L 310 620 30
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Microstructure

e LC 316L stainless steel shows very fine columnar dendritic y
phase microstructure.

Consolidated 316L

~

y(111)
Y(200)

REL Intensity
Y
v(311)
(222

(220)

316L Powder

30 40 50 60 70 80 90 100110120
2 Theta (°)

Microstructure of LC 316 stainless

steel. Comparison of XRD patterns of LC 316

SS and the powder used.
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Microstructure

« LC IN-625 alloy shows a directionally solidified microstructure:
very fine y phase columnar dendrites growing almost parallel
to the direction of build.

Consolidated IN-625

v(100)

y(111)

v(111)
v(331)

= (110)
L y(311)

REL Intensity

IN-625 powder

l . A A

30 40 50 60 70 80 90 100 110 120
2 Theta (°)

Parallel to the build Perpendicular to the build

direction. direction. Comparison of XRD pattern of
laser consolidated IN625 with the
powder.
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Institute e
~ _./ Residual Stresses
 The LC IN-625 material exhibits . Vertical direction
significant magnitude of residual (direction of build)
compressive stresses along the
horizontal direction, while the residual %
compressive stresses along the vertical
direction is relatively low. v

Residual Stress (MPa) \/

Method Horizontal Vertical \
Direction Direction
X-Ray Diffraction -412 -147 rorizontal direction
Hole-Drilling -349 -42
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Corrosion Resistance

-------- Consolidated IN-625

1of....... Wrought IN-625 Wrought IN-625| ¢ |N-625

0.8 |——— Consolidated 316L e  LC IN-625 and

“ |—— Wrought 316L P LC 316L
] A36 steel P oS 316L show
9 o4l - corrosion
2 oof resistance similar
g oof , to the respective
S 02 e w2/ A36 carbon steel . wrought materials

0.4[ ............................ in 3.5 % NacCl

06 el K solution.

i In 3.5% NaCl solution

9 8 7 6 5 4 3 2 1
Log Current Density (A/lcm 2)
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of IN-738 Alloy

» Laser consolidation of IN-738 powder on cast IN-738 substrate is
performed at R.T.

 LC IN-738 is metallurgically sound, no cracks or porosity.
» As-consolidated IN-738 has very fine dendritic microstructure

with preferred orientation.

X 500
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Institute Microstructure After HT

e LC IN-738 uses
the same HT as
cast IN-738.

v’ particles in LC
IN-738 is near
cuboidal shape.

e v’ size in LC IN-
738 Is finer than
that in cast IN-
738 airfoll.

LC IN-738, x15,000 Cast IN-738, x15,000

1120°C/2hrs solution + 845°C/24 hrs aging treatments
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Tensile Properties

e Along the vertical direction, LC IN-738 shows 15% higher
tensile strength and 240% higher elongation than cast IN-
738, although its yield strength is 5% lower.

Processing Condition OUTS Gy o (%)
Method (MPa) (MPa)
Vertical 1202+23 | 86915 1842
As-consolidated
LC IN-738 Vertical 1269+35 | 869+19 | 1742

Heat-treated

Horizontal 1084+23 | 880+14 | 6.7+1.7
As-consolidated

Cast IN-738 Heat-treated 1100 915 5
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Rupture Life

« Stress rupture life of LC IN-738 is significantly longer
than the cast IN-738 baseline (1850°F & 8 ksi).

Sample | LC IN-738* LC IN-738/ Cast IN-738
No. Cast IN-738** Baseline**
#1 515 hrs 123 hrs 206 hrs
#2 236 hrs 175 hrs 116 hrs
#3 485 hrs 128 hrs 187 hrs
#4 455 hrs - -

Average 423 hrs 142 hrs 170 hrs

* Testing conducted by NRC/IAR.
** Tests conducted by JML Inc.
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Bonding Between LC
IN-738 & Substrate

e The bonding between the LC material and substrate is
metallurgically sound, free of porosity and cracks.
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Before etching After etching
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Technologles Laser Consolidation
of Ti-6Al-4V Alloy

 The LC Ti-6Al-4V shows a somewhat equiaxed grains with acicular
phase inside.

» A high-resolution SEM photo reveals that grain boundary is hard to
distinguish and no secondary phase can be observed along it.
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Tensile Properties

» The as-consolidated Ti-6Al-4V is stronger than the as-cast or
annealed wrought Ti-6Al-4V, and comparable to the heat-treated

wrought Ti-6Al-4V.

Material Conditions oy (MPa) | o, ;s (MPa) | E (GPa) | o (%)
As-cast 896 1000 38
Wrought (annealed) 885 930 110 12
Wrought (845°C/AC + aging) 954 1060 17
Wrought (1065°C/WQ + aging) 1057 1170 8.5
As-consolidated 106216 1157411 116+8 | 6.2+0.9
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LC Ti-6Al-4V Alloy

- Bond Strenqth

* The bond strength of LC Ti-6Al-4V on wrought and laser-clad Ti-6Al-4V is
excellent, around 1050 MPa in both cases.

Sample No. | Bond Strength (MPa)
#1 1055.0
#2 1073.8
#3 1022.7
#4 1040.3
Average 1048121

Sample No. | Bond Strength (MPa)
#1 1094.5
#2 1093.4
#3 1029.8
Average 1072137

LC Ti-64 on wrought Ti-64 Plate

LC Ti-64 on clad Ti-64




LC Ti-6Al-4V Alloy -
HC Fatique (R=+0.1)

e LC Ti-6Al-4V (thin-wall)
x LC Ti-6Al-4V (thick-wall)

i
00 T

0
100 1013 10nM 1015 10"6 1017 10"8

Cycles to Failure, Nf
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- Stellite 6 Alloy

« The LC Stellite 6 is harder, stronger and even more
ductile than the respective cast or powder metallurgy

material.
Process Condition outs (MPa) | o, (MPa) | § (%) | HRc
As-consolidated 1245 751 3.1 | 58
Laser (Vertical)
Consolidation | As-consolidated 1362 1023 3.2 | 59
(Horizontal)
Sand Casting Stress-relieved 834 541 1-2| 46
Investment As-cast 793 662 3 37
Casting
Powder - 896 - <l | 40
Metallurgy
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- Microstructure

* The exceptional mechanical properties of the LC Stellite 6 can
be attributed to its much finer dendrite arm spacing (DAS) (1 -
4 um) compared to the conventional cast Stellite 6 material
(50 - 500 pum).

10 um 10 um

Vertical direction Horizontal direction
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- CPM-9V Tool Steel

LC CPM-9V Tool Steel:

e Composition: 1.80%C,
5.35%Cr, 9.26% V,
1.24%Mo, 0.50%Mn

» Hardness (as-consolidated
condition): ~ Rc.50.

» Average yield strength:
820 MPa.

« Average tensile strength:
1320 MPa.

Microstructure, x 6,500
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Technologies _ LC CPM-9V Tool Steel

Institute

0.35 i wall LC CPM.ov
—s— D2 Tool Steel
0.30 | —=— 4340 Steel
R ---e--- Thick Wall LC CPM-9V
™ N
€ 025F
£ i
(7))
% "
o 0.20¢ ~ Rc. 36
© i
= [
S 015}
(@]
> i
§ o0}
= T
0.05 |
0.00 &

Test Number

— Wear Resistance

o Under test
conditions, the wear
resistance of LC CPM-
9V is almost triple
compared to heat
treated D2 and almost
one order of
magnitude better
compared to 4340
Steel.

Pin-on-disk wear test against 1/4” WC ball under 5009 load at 0.28m/s for 8000m.
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Tctnolgies Applications - Building
Functional Prototypes

IN-625 alloy 316L S.S Stellite 6 alloy
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Complex Net-Shape Parts

LC IN-625 LC IN-738 LC IN-625
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Applications - Making
Institute .
“ Tools, Dies and Moulds




Integrated

Mg > Applications — Building
ecinnoliogies . .
Features on Existing Parts

Institute

Adding
details

Building airfoils on turbine disc
to form a “blisk”.

Building
" delicate

D1 g features
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» Laser consolidation process is suitable to repair damaged blade tips with
minimal final machining — simplify procedure and reduce cost.

Repair the tip of cast IN-738 blade Re-build the damaged seal
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Examples — Building
Complex Sonar Shells

» Laser consolidation has successfully built 15

. . 120
pieces of 3 designs of the complex FSP shells. E Fem
» Superior quality and performance. gﬂo
» Successful field testing — only proven L
manufacturing technology to make them! ® a5
_ @ 100 \ 25m
. o5 e
%% 1600 2600 3000 4600 5600
I Hz

.-—‘ui_—'-'ﬁ:'
e

et

Ti-64
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» Laser consolidation process is especially suitable to manufacture the
components with complex internal features or the complex integrated parts
that are very difficult or even impossible to make using conventional

manufacturing methods.

» Successfully manufactured two
sets of LC Ti-6Al-4V parts and
one set of LC IN-625 patrts.

* A functional LC Ti-6Al-4V
ARMS has been assembled.
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institue Marian Components

« A complex impeller with 3 blades
that were damaged by cavitation
erosion has been successfully
repaired using laser deposition of
Ni-Al bronze and was delivered to
DRDC - Halifax for field test.
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/ Rotary Cutting Dies

The feasibility of the laser
consolidation for manufacturing rotary
cutting dies has been established.

» Field production testing shows that the
LC dies have successfully cut more
than 180,000 meters of labels without
re-sharpening.

» Reduction of manufacturing time by
1/3 (for dies larger than 5” dia.).

» Reduction of material cost by
approximately 50%.

 Increase in cutting die life by
approximately 100%.

» Reduction of environmental impact by
recycling die blanks.
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Tl Examples - Manufacturing
Airfoil with Cooling Channels

» The laser consolidation process has
been used successfully to build the
net-shape Ti-6Al-4V airfoils with
embedded cooling channels, which
accurately represents the geometric
features described in the CAD
model.
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« NRC/IMTI has developed a unique laser consolidation
process and is currently leading the technology
development for producing high quality net shape
components (3 US patents obtained).

* This computer aided manufacturing (CAM) process is
expected to make a huge impact on manufacturing in a
wide range of industries.

 NRC/IMTI is willing to work with companies and other
research organizations to further develop the process
and to explore various industrial applications.





