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Abstract Laser additive manufacturing (LAM) of tungsten carbide metal matrix composites (MMCs) has been eval-

uated for surface modification of hot die forming tools, cutting edges, glass tooling, extrusion mandrels, and other

abrasive wear applications. This work focuses on transitions from tool steels to MMCs through a single pass laser

powder deposition operation. Issues related to the application of various metal powders and carbides used include sur-

face hardness, porosity, cracking, and dilution. These issues along with factory results that were obtained during this

project are discussed.
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1 Introduction

Manufacturing industries that form metal and glass
can benefit from tools and dies that have better wear
characteristics, thermal properties, and reduced chemi-
cal reactivity with the product being formed. Most tools
and dies are made from H-13 or some other grade tool
steel. These materials are relatively inexpensive, but
exhibit numerous failure modes including heat chec-
king, soldering, fatigue. chipping, cracking, loss of
hardness, and corrosion. As the tools deteriorate, prob-
lems including poor mold release and surface imperfec-
tions arise, which result in part rejection and reduced
process efficiency including increased energy consump-
tion. Using higher performing materials could mitigate
these problems, but fabricating tools from these materi-
als would significantly increase their cost. In this inves-
tigation. the advantages of using some of these higher
performing materials are being sought by cladding them
onto the commonly used tool surfaces by using laser ad-
ditive manufacturing (LAM).

LAM also offers a convenient means of producing a
compliant transition from conventional carbon steels (e.
g., 1018, 1566, 4140, and 4340) to higher performing
materials (selected based on the application). LAM is a
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flexible and rapid manufacturing technique that directly
deposits metal powder into a molten metal pool pro-
duced by laser interaction with the underlying metal
surface thereby forming a clad or laminate layer on the
metal surface”. The advantages of LAM over other
manufacturing techniques for tool modification include
the minimal heat affected zone, high solidification rate
resulting in fine grain size, minimal segregation, mini-
mal second phase coarsening., high density coating, and
minimal mixing of the cladding with the base material
(dilution). Other advantages include near-net shape,
good surface durability and finish, efficient material
use, and versatile part manufacturing or repair-*~*!.
The paramount issue that arises in placing surface
layers of high performance metals onto these steels is
the nature of the bond with the steel and thermal stres-
ses™! at the interface. Since the desired surfacing mate-
rials might not always produce the best metallurgical in-
terface and therefore not produce the most compatible
the

working surfaces of these steels were laser-deposited

mechanical properties with the substrate steel,

with a variety of metals to determine compatibility.
Since different applications have varying and different
material requirements, a variety of materials were se-
lected for use in this study. LAM cladding with more
conventional alloys (nickel and stainless steels alloys)
onto the end of H-13 bars and plates of 4140, 4340, and
HSS 80 were performed during the initial investiga-
tions. Industrial tools have been clad with higher per-
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forming materials and delivered for testing in actual
manufacturing operations (e. g., hot die forging and
hot extrusion) .

2 Evaluation Procedure

The LAM cladding experiments were conducted
with Ni-based and Co-based super alloys on tool steel
bars, carbon steel plates and actual industrial tools and
dies. Inconel (625 and 718)f), Stellite (6 and
2D~ CCW+ , and NiTung60 (NT-60) were se-
lected for their high-temperature wear and corrosion re-

sistance propertiest® "

. All of these alloys produced a
compliant metallurgical interface with the steel bars and
plates. H-13 tool steel and 4140 carbon steel were se-
lected since they represent the most common heat
treatable alloys used in the tool and die industry. It was

observed that these steel tools and specimens in the heat

treated state exhibited little softening at the interface
after the LAM cladding operation. The Inconel (625
and 718) and Stellite (6 and 21) were successfully de-
posited with no cracking, little porosity, and a good
metallurgical interface, but were removed from the
forging and die application testing due to low hardness
and low wear resistance. The tool steel alloys M4,
10V, Rex 20, and Rex 121 also clad well and had great
wear resistance but these alloys did not retain their
properties at elevated temperatures. Several Co-based
cermets were also evaluated but failed to produce good
clads due to excessive porosity and cracking. In the
end, two alloys, CCW+ , a Co-Cr alloy containing Mo
and W, and NT-60 a Ni-based WC cermet, were select-
ed for tooling applications. Table 1 gives the typical
chemical compositions of some of the alloys that were
deposited by LAM during this investigation.

Table 1 Typical chemical composition of some of the alloys evaluated for LAM cladding

(X indicates that the amounts of Si and B are proprietary)

Inconel 625 IN718 Stellite 6 Stellite 21 CCW + NT-60
C 0.4 0.03 1.2 0.26 0.15
Cr 22.0 18.6 28.4 26.4 27
Co 0.01 0.3 Bal Bal. Bal
Nb/Ta 3.9 5. 0.7
AW 5.3 4
Mo 8.64 3.0 0.03 5.6 5.5
Al 0.3 0.55 -
Ti 0.3 0.97 -
B 0.004 0.05 X
Zr -
Ni Bal. 52.2 2.1 2.7 2.75 40
Mn 0.11 0.34 0.53 0.5
Si 0.05 0.1 1.8 0.3 X
Fe 0.3 18.6 2.1 1.3 2
N 0.005 -
WC - 60

The CCW + while not having exceptional wear re-
sistance was selected since it retains its properties at el-
evated temperature (600 C) and precipitation hardens
making it a good candidate for the hot die forging and
extrusion mandrel applications. The NT-60 did not per-
form as well as CCW + in the hot die forging application
but is a better solution for where there is a need for the
elevated temperature abrasion resistance, such as in the
glass forming industry.

Each candidate alloy was LAM clad either to a sec-
tion of carbon steel 12.5-mm-thick plate (4140 or HS-
80) or to the end of H-13 tool steel 35-mm-diameter
bars for the preliminary evaluations. The LAM clad
steel plates and the H-13 bar were sectioned about 3

mm below the clad interface for metallurgical evalua-
tion. The quality of each of these specimens was deter-
mined by microstructural evaluation consisting of Vick-
ers micro-hardness measurements and optical microsco-
py of the interface. These specimens were inspected for
cracking, lack of fusion and porosity. Included with the
initial evaluations, LAM clad material standard wear
test specimens were also produced. Three 12-mm-thick
plates of 4140 or 4340 steel, 25-mm width by 75-mm
length were LAM clad for the wear test specimens for
each material and condition. The standard technique for
evaluation of these LAM clad materials included optical
microscopy, micro hardness (Vickers), surface hard-
ness (Rockwell C), wear testing (ASTM G65). Select-
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ed alloys were then applied to actual tools for field test
evaluations that included hot die forging and hot extru-
sion.

3 LAM Cladding Results

Figure 1 is optical micrographs of LAM clads of the
Carpenter Alloys CCW + and NT-60 on 4140 Chot
rolled-annealed condition). As with the most of the al-
loys investigated, the LAM clads show no interfacial
cracking, little porosity, and an abrupt transition in
hardness at the interfaces. In Fig. 1(a), the faceted
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WC particles can be seen dispersed throughout the nick-
el matrix. The morphology of the WC particles indicates
no melting and little dilution of the WC in the nickel
matrix. The abrupt change in the microstructure and
hardness at the interface also indicates limited dilution
(mixing) of the clad with the substrate material. In the
case of CCW + , there is an indication of hardening of
the carbon steel plate as shown in Fig. 1(b) and with
hardened H-13 as shown in Fig. 2. This maybe due to
the diffusion carbon into the substrate material, further
work is needed to study this observation.
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Fig.1 Laser deposited samples on 4140 showing typical optical micrograph morphology of

(a) NT-60, and (b) CCW+ with the corresponding Vickers micro-hardness measurements
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Fig.2 Micro-hardness results of CCW + LAM clad on H-13. Note the slight increases in the H-13 hardness in prior to the interface
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Fig.3 ASTM G65 dry abrasion test results from LAM clad materials on 4140 carbon steel

Wear testing results are given in Fig.3. The tool
steels, hard chrome, and WC cermets gave the best
wear results compared with the other alloys. A 4340

carbon steel heat-treated to a R. 31 was used for cali-
bration of the test and 4140 carbon steel heat treated to
R. 47 was used as a baseline. The Ni-based super alloys
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in the as-deposited condition all show higher volume
loss than the calibration standard 4340 indicating low
abrasive wear resistance. The Stellite alloys 6 and 21,
CCW, CCW + , H-13, and AeroMet 100 in as-deposited
condition all show abrasive wear resistance results simi-
lar to the heat-treated 4340 carbon steel. The tool steel
alloys M4, 10V, and Rex 20 in as-deposited condition
produced abrasive wear resistance results similar to the
hard chrome plating. Rex 121, Technegenia TL60,
Kennametal WC, and NT-60 (a Carpenter Cermet al-
loy) in as-deposited condition produced abrasive wear
resistance 5 to 6 times higher than hard chrome plat-
ing. However, highly alloyed tool steels (i.e., Rex
121, Rex 20, and 10V) and the WC cermets (including
TL-60 and Kenametal WC) also exhibit severe cracking
and porosity in the as-deposited condition.

The LAM clad NT-60 in the as-deposited condition
was cracking and porosity free giving. It appears that
the NT-60 gives the best combination of wear resistance
and toughness in the as-deposited condition. It should
be noted here that pre-heating the substrate can miti-
gate cracking in some cases, however, the results ob-
tain with NT-60 where obtained without pre-heating.

4 LAM Tooling Results
4.1 Hot Die Forging and Extrusion

Anvils (as shown in Fig.4) and extrusion punches
(as shown in Fig.5), were both LAM clad with CCW
+ and NT-60 and then inserted into actual industrial
operations. The typical LAM processing parameters
used during the cladding operations were laser power of
600 W, linear speed of 15 mm/s, layer thickness of
0.75 mm, and spacing width of 0.5 mm.

The distinct interface indicates limited dilution

Fig.4 Photographs of H13 hot die forging anvils. (a) after
use (~6000 cycles); (b) LAM clad; (¢) clad and fin-
ished machined; (d) NT-60 clad anvil after ~ 10000

cycles

Fig.5 Extrusion punch tools LAM clad with (a) NT-60
and (bh) CCW-plus
(mixing) of the Ni matrix with the H-13 substrate
while maintaining a metallurgical bond. Forging
trails with these tools have achieved cycles of up to
18000 for NT-60 and over 22000 CCW +
from LAM CCW +
showed a 60% improvement over unclad H-13 tool

. Results
clad extrusion punch trials

life. However, the tool was taken out of service be-
fore end of life.
4.2 Glass Forming Tooling

Tooling for the glass forming industry is also
being evaluated. Several current alloys used by the
glass industry were evaluated for LAM processing,
however, only the Carpenter NT-60 produced po-
rosity and crack free deposits. Further refinement
of the NT-60 clad was needed to improve glass
properties that are affected by the plunger surface
characteristics (e. g. ., porosity, cracks, and fin-
ish) , this included using finer size fraction carbides
(<45 ym) and less volume fraction WC (50%).
Figure 6 is microstructures of normal NT-60 com-
pared with the modified NT-50 version. Factory
tests of these clad tools revealed that the matrix
was too soft (resulting in degradation of finish over
time), therefore a harder matrix has been applied

and further factory test is scheduled for the first
quarter 2010.

Fig.6 Optical micrographs of (a) NT-60 with standard
sized carbides (~ 100 pm) and (b) NT-50 with
fine carbides (<45 pym) and 50% volume faction

carbides
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4.3 Internal Bore Cladding for Plastic Injec-
tion Molding Barrels

Plastic injection molding barrels currently use
cast tungsten carbide for abrasion resistance.
Spirex Corp., Youngstown, OH has been exploring
methods for improving the wear resistance and re-
ducing cost in barrel manufacturing. Part of this in-
vestigation involved the selection of a superior wear
resistant material. Several tungsten carbide compo-
sitions were evaluated with a variation of Carpen-
ter’s NT-60 producing a excellent laser clad with a
wear resistance 5 times better than cast carbide
when tested by ASTM-G65. The composition of this
variation used the same Ni-Si-B matrix with a 70 %
volume fraction spherical tungsten carbide (NT-
70SP). Process control was very important during
this investigation. The process parameters devel-
oped for this project produced a microstructure with
70% volume fraction. Processing conditions that
had excess energy input resulted in carbide dissolu-
tion as shown in Fig. 7. Figure 7(a) shows micro-
graph of the NT-70SP with high energy input, Fig.
7(b) revealing a high volume fraction tungsten car-
bide when laser cladding in an optimized processing
condition. The key for this application is that the
deposit is performed in one layer at about 1.5-mm
thickness. Currently test samples of internal bore
laser clad have been produced for both single and
double bore barrels. Internal bore sections at a di-
ameter of 60 mm have been clad to a depth of
150 mm. The actual barrels will be on the order of
2000-mm length with internal diameters from
50 mm to in excess of 120 mm. A test barrel for
factory testing should be in place by the fourth
quarter of 2009. Examples of clad single and double
barrel test sections are shown in Fig. 8.

Fig.7 (a) Optical micrograph of the NT-70SP with high
energy input showing excessive carbide dissolu-
tion; (b) optical micrograph revealing a high vol-
ume fraction tungsten carbide when laser cladding

in an optimized processing condition
The main issues for the transition of this tech-
nique into commercial manufacturing are system

Fig.8 Photographs of test sections for a 60-mm diameter

single bore barrel (above) and a 60-mm twin bore

barrel (below)
durability, clad quality, and build rate. Currently,
the system has shown to be reliable for cladding du-
rations of just over 3 h. Clad quality is a function of
surface finish, carbide distribution, minimal dilu-
tion, and cracking. Currently, it has been shown
that surface finish can be obtained with <C0.2-mm
clean up., high faction carbide present after clad-
ding. about 5% dilution and no cracking (only after
pre-heat of 462 C). A rate of 0.8-mm/s linear
cladding has been obtained at 2000 W input with a
Trumpf HD 3006L Nd:Yag laser with a 280-mm fo-
cus lens for a 70-mm-diameter bore for length up to
300 mm. Bore size down as small as 50-mm diame-
ter is possible with barrel length up to 2 m being
planned.

5 Summary
Commercial Inconel and Stellite alloys, M4
and other tool steels, stainless steel, and the Car-
penter alloys CCW+ , DM21 , and NT-60 can be
deposited successfully on H-13 with little dilution,
good metallurgical interface, minimal porosity, and
little thermal softening of the substrate. LAM of
the alloys CCW + and NT-60 on H-13 in hot die
forging have produced a three times improvement
in tool life. Up to 70% tungsten carbide has been
deposited by LAM without cracking or significant
porosity. Factory trials are scheduled for two appli-
cations being developed through LAM of tungsten
carbide with a Ni-Si-B matrix.
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