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1. Executive Summary
Additive manufacturing has been presented as a possible alternative to traditional
fabrication methods, including forging. It can also be regarded as a complementary
technology to be used by forgers to reduce lead times or lower cost. The goal of this FIA
funded project was to identify potential applications of additive manufacturing in forging
and compare the properties and performance of parts made by additive manufacturing to
identical parts made by forging.
TIG, MIG and flood welding have been used for many years in repair of forging dies.
These traditional methods have been joined lately by robotic welding and Laser Direct
Metal Deposition (DMD).

In addition to repair, these methods can enable die life

extension by enhancing the wear and heat resistance of the surface. Tooling materials
are generally characterized by high hardness at high temperature and good resistance to
wear and corrosion. Under severe service conditions they can suffer excessive wear
which will affect performance and shorten tool life. Rather than replacing worn-out with
new tools, a surface layer of wear resistant alloy can be applied by Direct Metal Deposition
to restore the worn out part to full functionality and extend die life. This report documents
deposition of Stellite-6 and Waspalloy on FX-1, M2 and CPM-V steel with the objective of
enhancing die life. The mechanical properties of these alloys are presented.
Another application of additive manufacturing in forging is prototyping and production of
small runs by 3D printing. The obvious advantage is parts can be made with a short lead
time, without the need to fabricate expensive tooling. However, the time required to print
each part is much longer.

The choice of which process to use depends on how many

parts are required. For a small number of parts 3D printing may be more cost effective.
The assumption is 3D printed part can provide the properties and functionality obtained
by forging. While not necessarily feasible if the same material is used, the designer can
compensate for lower properties of 3D printing by using an alloy with higher mechanical
properties. The study illustrates these trade-offs between forging carbon steel parts vs.
3D printing the same parts in maraging steel, and provides a pertinent cost analysis for
both.
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2. Additive Manufacturing Methods
Two of the main Additive Manufacturing avenues available to fabricate parts with high
toughness in the bulk and high wear resistance near the surface are 3D Printing and
Laser Direct Metal Deposition. In 3D printing, illustrated in Figure 2.1, powder is
rolled layer-by layer from the container on the left side to the build box on the right side.
The laser beam, controlled by a scanner, only melts (or sinters) the powder in specific
areas where the section of the part is built, shown in black. The remaining powder,
shown in gray, remains loose and can be re-used. The part is thus built layer-by-layer to
net shape.
.

Figure 2.1: 3D Printing powderbed method
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In Direct Metal Deposition, shown in Figure 2.2, the laser beam melts the top layer of
the substrate, creating a melt pool. Meanwhile, a coaxial nozzle directs a stream of
powder into the melt pool. The laser beam moves along the substrate, forming a weld
bead. Multiple weld beads can be applied to cover a large area with a new layer of
material. The motion of the laser is controlled by a computer program, similar to a tool
path software in machining. Like in welding, a heat affected zone (HAZ) may form in
steels substrates. This HAZ can have lower mechanical properties than the parent
material. Multiple layers can be applied, if a thicker cladding is desired.

Figure 2.2: Direct Metal Deposition method (Bruckner)
8

3. Alloys
Many forging dies are fabricated from FX steels. These are pre-hardened tool steels,
available in different tempering conditions: Temper XH, H, 1, 2, 3 and 4 (1). FX Temper
1 has higher hardness of 43-46 HRC and is used where high die temperatures, high cavity
pressures and abrasion resistance are required.
Wear-resistant Stellites™ are cobalt-based alloys used in aerospace, automotive and
chemical industries. Several types of Stellite™ are commercially available as tabulated
in Table 3.1. The typical microstructure of Stellite™ comprises hard carbides dispersed
in a cobalt-rich solid solution matrix. Stellite 6™, one of the series of Co-Cr-W-C alloy is
the most widely used amongst the wear resistant alloys.
Table 3.1: Commercially available StelliteTM alloys

CPM-10V is a high strength tool steel produced by powder metallurgy (PM). The
vanadium content in this steel is 10%. Due to the PM process, no carbide segregation
occurs in producing these type of tool steels. Moreover, the distribution of carbides is
uniform and very fine, therefore the superior toughness which is un-achievable in other
tool steels (4).
M2 is a cold-worked tungsten-molybdenum series high speed tool steel with good wear
resistance (5).
This report documents the study of deposition of Stellite 6™ on FX-1 and M2 on CPM-V
steel. The mechanical properties of these alloy are presented in Table 3.2.
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Table 3.2: Mechanical properties of alloys in the die life enhancement study
Alloy

FX1 Steel (1)

Yield
Strength
(ksi)
187

Tensile
Strength (ksi)

Elong.
(%)

Toughness
(ft-lbs)

Hardness
(HRC)

205

12.7

43-46

Stellite 6™ (2)

109

183.5

3-5

36-45

Stellite 21™
M2 Steel (3)

64

CPM V Steel (4)

40-63

4. Experimental Procedures
Hot wire laser cladding was used at Lincoln Electric to deposit Stellite 6™ and Stellite
21™ wire on steel plates. The chemical composition of the substrates and wire alloy
are listed in Table 4.1. The aim was to deposit at least 1.5 inches of the material so that
mechanical testing can be performed on the deposited alloy.
Table 4.1: Chemical composition of the selected materials
Co
Stellite-6 (2)

Cr

W

Base 27-32 4-6

C

Ni

Mo

Fe

Si

Mn

V

0.90 0.50

Bal

0.25

0.85

0.05

0.30 4.50-

Bal

0.20-

0.15-

1.75-

5.50

0.45

0.40

2.20

1.30

0.90

0.50

9.75

0.9-1.4

Stellite 21
FX1 (1)

1.15

M2 Steel(3)

0.20-

5.50- 0.78-

0.45

6.75

5.25

2.45

CPM Steel (4)

0.50

1.05

The cladding of stem forging dies was done with Waspalloy wire using MIG. 3D printing
was done at GPI Prototype with EOS printers.

10

5. Results and Discussion
5.1 Direct Metal Deposition
FX-1 cladded with Stellite 6:
During the hot wire laser cladding process at Lincoln Electric, a hairline crack was
observed in the Stellite 6 after the 5th layer of deposition. Upon inspection, it turned out
the crack had in fact fractured the Stellite 6 all the way to the plate. The steel base
plate was sectioned along the same plane to allow examination of the fracture (Figure
5.1.1).

Figure 5.1.1: Hairline crack during the 5th layer deposition on the FX-1 steel cladded
with Stellite 6.

Figures 5.1.2-5.1.4 show the fractured Stellite 6 block from a couple of other angles.
Figures 5.1.5 and 5.1.6 show the fractured Stellite surface head-on at two
magnifications. Noticeable are some round inclusions of various size, presumably
trapped splatter from the cladding process. Along with high thermal stresses and
relatively low fracture toughness of the Stellite 6™, these defects could have caused the
catastrophic failure.
11

Figure 5.1.2: Fractured Stellite 6™

Figure 5.1.3: Fractured Stellite 6™

Figure 5.1.4: Fractured surface of Stellite 6 Figure 5.1.5: Fractured surface of Stellite 6

FX-1 Hot Wire Laser cladded with Stellite 21™
Another attempt was made to laser clad Stellite 21™ with the laser hot wire method on
a FX steel plate. A 20kW Ytterbium, operated at 13kW was used. A continuous,
12

circular cladding pattern was employed for the process as shown in Figure 5.1.6(a). A
higher 1.5” layer of cladded Stellite 21™ was deposited, until a crack was observed at
the interface of the cladded Stellite 21™ with the FX steel. See Figure 5.1.6(b).
The circular cladding was sectioned into discreet slices to excise samples for
mechanical as illustrated in Figure 5.1.6(c). Partial separation of the cladded Stellite
21™ from the steel plate is visible in Figure 5.1.6(d)

(b)

(a)

(c)

(d)

Figure 5.1.6: Cladded Stellite 21™ on FX steel (a) top view (b) side (c) (d) after cutting

13

The tensile properties of the Lincoln Electric hot-wire laser cladded Stellite 21™ were
tested in the horizontal direction by machining two sub-size tensile specimens. The
results are shown in Figure 5.7.

LE Cladded Stellite 21
4
3

100

2

50

1

0

Elongation(%)

UTS/Yield(ksi)

150

El
UTS(ksi) Yield(ksi) (%)
1
112
86
3.5
2
113
85.5
3.5
Ave.
112.5
85.75
3.5

0
1
UTS(ksi)

2
Yield(ksi)

Average
El(%)

Figure 5.1.7: Tensile properties of Stellite 21 cladded with robotic hot-wire at Lincoln Electric
While the strength is reasonable, the elongation of the hot-wire cladded Stellite 21™
falls short of expectations, and would cause premature failure in die repair applications.

FX-1 Powder laser cladded with Stellite 21 and 21LA
Two plates of pre-hardened FX steel were cladded at Praxair with Stellite 21™ and
Stellite 21LA™. The Stellite™ powders were supplied by Kennametal Stellite. The
steel plates were preheated to 500oF before cladding. The cladded Stellite 21™ and
Stellite 21LA™ blocks are illustrated in Figures 5.1.8 and 5.1.9 respectively. The
Stellite 21™ block is shiny and has poor edge definition. Significant sagging occurred
near the edges, that are consequently lower than the center of the block. Conversely,
the Stellite 21LA™ is more rectangular and has good edge definition. It is more grayish,
possibly due to mild oxidation. The sagging of Stellite 21™ may have been caused by
excessive heating of the alloy during the cladding operation.
The tensile properties of the Stellite 21™and 21LA™ are illustrated in Figure 5.1.10.
The Charpy V-notch and un-notched impact are shown in Figures 5.1.11 and 5.1.12.
14

respectively. Overheating could have caused overaging, thus the lower elongation of
Stellite 21™. The significantly lower impact properties of Stellite 21™ compared to
Stellite 21LA™ may be explained only to some extent by possible overaging. It is
largely due to better impact properties in Stellite 21LA™. The Stellite 21LA™ would be
the preferable for improving heat and wear resistance of forging dies.

Figure 5.1.8: Stellite 21™ deposited on FX steel

Figure 5.1.9: Mechanical properties of Stellite 21LA™ deposited on FX steel
15

Figure 5.1.10: Tensile properties of laser cladded Stellite 21LA and 21.

Sample Stellite Stellite
#
21LA
21
1
13.0
6.0
2
14.0
6.0
3
15.0
6.0
4
15.0
6.0
5
18.0
6.0
6
21.0
7.0
Average
16.0
6.2

Figure 5.1.11: Charpy V-notch of Stellite 21™ and 21 LA™
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Sample Stellite Stellite
#
21LA
21
1
21.0
7.0
2
22.0
14.0
3
24.0
17.0
4
29.0
18.0
5
31.0
20.0
6
33.0
31.0
Average
26.7
17.8

Figure 5.1.12: Un-notched impact of Stellite 21™ and 21 LA™

CPM-V steel cladded with M2
The M2 was cladded by a robotic MIG process at CorMet. No crack was observed
during the cladding process. However approximately one month later, the substrate
shattered in multiple places (Figure 5.1.13) indicating a high level of residual stress.

M2

CPM-V
Delayed
crack

Figure 5.1.13: Residual stress crack in the CPM-V steel plate deposited with M2 steel.
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Hardness:
The micro-hardness distribution of M2 on CPM-V is presented in Figure 5.1.14. An
average hardness of 56 HRC has been observed in the cladding. The tempered region
shows a drop in hardness (Figure 5.1.14, left from the interface)
70
60

HRC

50
40
30
20
10

Interface

0
-1.5

-1.1

-0.7

-0.3

0.1

0.5

0.9

1.3

Distance (mm)
Figure 5.1.14: Micro-hardness distribution along the interface of the M2 steel deposited
on CPM-V steel.

Microstructure
The microstructure of the as-cladded specimen is presented in Figure 5.1.15. The
surface was etched with 5% Nital.
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Figure 5.1.15: Microstructure of CPM-V steel revealing heat affected zone (HAZ) and
interface between M2 and CPM-V steel.

Cladding of Forging Dies with Waspalloy
Waspalloy is one of the main alloy candidates to enhance the heat and wear resistance
of forging dies. It is a heat resistant alloy that can take much higher loads at high
temperatures. The mechanical testing results for the cladded Waspalloy are shown in
Figure 5.1.16 compared with properties for wrought Waspalloy. Values of about
100,000 psi were obtained for the UTS. Slightly lower values were measured for the
yield strength as marked in orange. The elongations are in the range of about 7-8% as
shown in the yellow, looking at the axis on the right side. Evidently, higher values were
measured for the wrought alloy. This is, in general, true for many cladded alloys. While
exhibiting fairly good mechanical properties they are usually below the properties of
wrought alloys.
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Figure 5.1.16: Tensile properties of cladded and wrought Waspaloy

Forging dies wear relatively fast and require frequent welding repair. This is true in
particular for forging dies that are made of tool steel. Stem dies used for forging
crankshaft are susceptible to rapid deformation due to the prolonged contact with the
high temperature steel of the crankshaft. Welding repair of some stem dies is required
after as little as 500-600 pushes. This fairly frequent repair work requires removing dies
from operation and replacing them. It would benefit such forging operations if the life of
forging tools could be extended by cladding selective areas with a layer of heat and
wear-resistant alloy.
Figure 5.1.17 illustrates a typical stem die used to forge large locomotive crankshafts.
The tool weighs 700 to 800 pounds. At the top is the working area—that is the highwear area. Rather than making the component entirely out a wear-resistant alloy, the
approach has been to just apply the wear-resistant alloys at that high-wear area as a
layer of about one-inch thickness around the perimeter. The cladding was applied at
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Absolute Welding. This approach increases the wear-resistance and the resistance to
high temperature deformation.

Figure 5.1.17: Typical stem die used in forging crankshafts

Stem die performance evaluation in production
Performance of stem dies cladded with a layer of wear resistant alloy was benchmarked
in forging production. Dimensional changes were captured by laser scanning taken
BEFORE and AFTER forging as shown in Figure 5.1.18.

21

Figure 5.1.18: Laser scanning of the stem die at CWRU

CorMet 45FX

Waspaloy

Figure 5.1.19: Dimensional changes after 120 pushes
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Figure 5.1.19 shows the dimensional changes after 120 pushes of forging as a color
map, for CorMet 45FX and Waspalloy repaired stem die. The Waspaloy-repaired stem
die shows overall less deformation after the 120 pushes. Interpretation of the
deformation maps is continuing to determine the critical areas of the die that need to be
monitored.

5.2 Conclusions for Direct Metal Deposition
(a) Hot wire laser cladding steel plates with Stellite 6™ caused premature cracking to
occur. MIG cladding of CPM-V with M2 steel also ended in cracking. Preheating and
post heat treating may prevent or reduce the cracking tendency of these alloys.
Cladding with Stellite 21™ and 21L™ while preheating the steel plate was successful.
(b) Waspaloy, Cobalt 6, and Stellite alloys 21™ and 21A™ exhibit compressive strength
characteristics that are significantly better than the 4140 and FXBM base metals and
the currently used welding rod F45FC material. These alloys should provide significantly
improved performance and should be considered in field trials to be benchmarked
against the currently used materials.
(c) Laser scanning “before and after” is a powerful tool to capture dimensional changes
in the dies during production. The Waspaloy cladding deformed less that CorMet F45
after 120 pushes. However, the deformation pattern was different, making a direct
comparison difficult. Further interpretation work has been undertaken to identify the best
areas for deformation benchmarking on the stem dies.
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5.3 3D Printing
Metal additive manufacturing has been making rapid inroads into manufacturing
sector as illustrated in Figure 5.2.1 (6). It has recently become a disruptive
alternative technology for fabrication of aerospace and medical components (7).

Figure 5.2.1: Metal additive manufacturing has grown by nearly 76% in 14 years
While still nascent, it has already displaced casting in production of a high profile nozzle
for the GE Leap Engine shown in Figure 2(7). The 2014 world-wide AM capabilities are
illustrated in Figure 5.2.3a and applications for AM in Figure 5.2.3b (Wohler Associates).

Figure 5.2.2: GE Leap Engine fuel nozzle. CoCr material fabricated by direct metal
laser melting
24

Figure 5.2.3: (a) The 2014 world-wide AM capabilities (b) applications of AM (Wohler
Associates).
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The mechanical properties attainable with additive manufacturing are comparable with
cast alloys. Mechanical properties of select alloys processed by additive manufacturing
are shown in Table 5.2.1 (8). In some cases, they match forged properties (7),
especially after additional heat treatment and/or Hot Isostatic Pressing (HIP).

Table 5.2.1: Typical properties of alloys used in 3D printing
(http://www.solidconcepts.com/technologies/direct-metal-laser-sintering-dmls/)
Ultimate
Tensile
Strength

Yield
Strength

Elong.
at Break

Young
Modulus

Stainless Steel
17-4 PH
Datasheet

142 ± 7 ksi
(980 ± 50
MPa)

73 ± 7 ksi
(500 ± 50
MPa)

25% ±
5%

25 ± 3 msi
(170 ± 20
GPa)

230 ± 20 HV1

Cobalt
Chrome
CoCr
Datasheet

152 ± 15 ksi
(1050 ± 100
MPa)

–

14 % ±
2%

(200 ± 20
GPa)

130 ksi ± 7
ksi
( 900 MPa ±
50 MPa)

89 ksi ± 7
ksi
(615 MPa
± 50
MPa)

42% ±
5%

142 ± 7 ksi
(980 ± 50
MPa)

92 ± 7 ksi
(634 ± 50
MPa)

166 ± 9 ksi
(1150 ± 60
MPa)

150 ± 10
ksi
(1030 ±
70 MPa)

Inconel 625
Datasheet

Inconel 718
Datasheet

Titanium Ti64
Datasheet

Thermal
Conduct.

Coeff. of
Thermal
Expansion (CTE)

~1022 °F
(~550 °C)

97 Btu/(h ft²
°F/in)
(14 W/m°C)

7.8 x 106 in/in°F
(14 x
10-6 m/m°C)

360 ± 20 HV

–

–

7.78 – 8.06 x
10-6 in/in°F
(14.0 – 14.5 x
10-6 m/m°C)

20.3 msi ± 3
msi
(140 GPa ±
20 GPa)

~30 HRC
(287 HB)

~1200 °F
(~650 °C)

–

–

31% ±
3%

–

~30 HRC
(287HB)

~ 1200 °F
(~ 650 °C)

–

6.9 – 7.2 x
10-6 in/in°F
(12.5 – 13 x
10-6 m/m°C)

11% ±
2%

16 ± 1 msi
(110 ± 7
GPa)

~400 – 430
HV
(41 – 44
HRC)

–

–

Hardness

Max
Operating
Temp

~660 °F
(~350 °C)

Two types of Green Bay Drop Forge parts were analyzed to compare between forged
and AM properties, a clevis and a hammer. The clevis measures 3.4 cubic inches and
the hammer measures 2.85 cubic inches. Both parts are currently produced in carbon
steel by forging. The AM versions of the parts were produced using an EOS 270
machine. The parts are shown in Figure 5.2.4.
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Figure 5.2.4: AM and forged steel parts

When an order comes in from a customer for parts such as these, a decision needs to
be made. Should the parts be produced by forging (which requires having a tool made),
or would it be more cost-effective to produce the parts by AM? A detailed analysis
determined AM is cost-effective mainly for low volumes. Specifically, if the customer
were to need approximately 208 units or fewer, then producing the parts via AM is more
cost-effective. The reason is no costly tooling is required. If the customer were to need
more than 208 units, it would be more cost effective to produce via forging. In this cast,
the lower “per part” cost more than offsets the cost of the tooling. These results are
illustrated in Figure 5.2.5.
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Figure 5.2.5: Cost analysis of AM vs. forged parts (Senvol)
Obviously, the mechanical properties of the AM parts need to satisfy the requirements
of the application.
The value proposition of using additive manufacturing over forging depends to a large
extent on the volume of the required parts. Since it does not require tooling, AM is very
cost effective for short runs/small volumes of parts.
The steel parts had a simple shape, no internal features and required minimal
post-processing. The value proposition could be vastly different for more costly alloys,
where the buy-to-fly ratio is high because of extensive machining. In general, more
complex shapes, with internal features will tilt the value proposition towards additive
manufacturing.
The larger fittings shown in Figure 5.2.6 are forged aluminum 6061. After
forging from billets, the parts are heat treated and machined to finished dimensions.
The smaller fittings in Figure 5.2.7 are Ti64. The weight of the forged Ti-6-4 part is
28

84.3g. After machining the part weighs only 33.6g. The buy-to-fly ratio is 39.8. This
ratio is actually higher if the weight of the forging billet is used as a starting point instead
of the forged part.
The alloys used in the forged parts as well as the corresponding alloys suggested for
the fabrication of the same parts by additive manufacturing are tabulated bellow:
Method

Part #1

Part #2

Forging

Aluminum 6061

Ti-6Al-4V

Additive

AlSi10Mg

Ti-6-4

The mechanical properties of the forged parts and the parts made by additive
manufacturing were measured and compared for each type of alloy. The results are
plotted in Figure 5.2.8 for Part #1 and in Figure 5.2.9 for Part #2.

Figure 5.2.5: Forged 6061 fitting (Part

Figure 5.2.6: Forged and machined aluminum fitting (Part #1)
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Figure 5.2.7: Forged and machined Ti-6-4 fitting (Part #2)

Figure 5.2.8: Tensile properties of Forged 6061 vs. AM 360
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While the yield and UTS strength of the aluminum AM parts are comparable to the
forged 6061, the elongation falls short by a large margin. The lower elongation is
caused by the higher porosity level present in parts made by additive manufacturing.
Hot Isostatic Pressing (HIP) is often applied to such parts to increase elongation and
fatigue properties.

Figure 5.2.9: Tensile properties of Forged Ti64 vs. AM Ti64
The UTS and yield strength of the AM Ti-6Al-4V are slightly higher than the forged. The
elongation however is again slightly lower. It should be noted the testing of the additive
parts was done on as manufactured parts. It is possible a solutioning and aging
treatment would have brought the elongation even closer.

31

5.4 Conclusions for 3D printing
In general, additive manufacturing can produce parts with strength similar to the same
parts made by forging. However, the ductility will usually be lower for the additively
manufactured parts, due to some residual porosity. There are methods by which this
porosity can be “closed”. The traditional method that has been used for many years in
biomedical and aerospace casting is Hot Isostatic Pressing (HIP). This method subjects
the parts to high isostatic pressure at high temperature, thereby closing most of the
pores and increasing ductility. A respective increase in fatigue properties is obtained.
Alcoa has recently announced a new process designated Ampliforge, in which preformed parts made by additive manufacturing are forged to finished dimensions. This
process is illustrated in Figure 5.2.10. The forging step is designated to close any
porosity present in the parts and achieve “as-forged” properties.

Figure 5.2.10: The Alcoa Ampliforge process
32

The additive manufacturing process is still much slower than forging. Parts may take
hours and even days to fabricate, compared to minutes in forging. This is reflected in
the cost of the parts, that is generally higher for additive manufacturing. However, since
additive manufacturing does not require expensive tooling, it can be competitive for
prototyping and short runs. Industries such as aerospace and biomedical are among
the early adopters of additive manufacturing since many products are made in small
quantities.
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