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Abstract Different existing metal additive manufacturing
(AM) processes have many shortcomings and a lot of activi-
ties are centered on improving the final printed metal product.
A new method of metal additive manufacturing has been pro-
posed in this paper. Unlike most of the metal additive
manufacturing processes, it does not use metal powder. The
proposed method utilizes semi-solid metal (SSM) forming
combined with deposition process as used in the most com-
mon additive manufacturing process for polymers. SSM
forming is a promising near net shape technology with several
advantages, such as being a porosity-free product and having
reduced shrinkage, controlled microstructure, and excellent
mechanical performance. Implementation of this technology
in metallic additive manufacturing improves the mechanical
properties and cost savings. Complicated time-dependent be-
havior of SSM makes it a challenging issue to utilize in addi-
tive manufacturing. A wire feedstock as a metallic filament
was employed for the proposed process. However, some ma-
terial preparations were necessary to get the desired rheolog-
ical properties at the deposition head. In this study, the strain-
induced melt-activated (SIMA) process was applied on a low-
melting-temperature Sn-Pb alloy to obtain the desired globular
feedstock microstructure. Then, preconditioned wire was fed
in a thixo-extruder, which was designed and built for the pro-
posed method in this research. A semi-melted alloy was de-
posited on the moving substrate to build a metallic part layer

by layer. Various parameters of SIMA and thixo-extrusion
processes, including wire thermomechanical cycle, feed rate,
solid fraction, nozzle and chamber geometry, and others, were
examined experimentally, and a sustainable semi-solid metal
extrusion and deposition (SSMED) process was achieved.
Finally, an acceptable metallurgical layer bonding was obtain-
ed at the interface of the deposited layers, with good mechan-
ical properties of the fabricated parts. The new proposedmeth-
od seems to have great potentials for metal additive
manufacturing parts.
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1 Introduction

Additive manufacturing is a technology that aims to reduce
part costs by decreasing the material wastage and time to
market [1]. It is one of the most growing and developing
technologies in the recent years. The process includes layer-
based manufacturing where the material is added in a layer-
by-layer fashion to build the required product. AM could pres-
ent better flexibility in geometry and great potential savings in
time and cost [2]. There exist many different methods for this
type of manufacturing for various materials such as polymers,
ceramics, metals, and composites [3–8].

Complex industrial parts could be manufactured directly
from CAD data using metallic additive manufacturing (AM).
Up to date, there are three primary feedstock process forms for
metal AM: (a) powder-bed methods, (b) powder-fed methods,
(c) wire-fed methods; the first two uses laser or electron beam
energy source for sintering/melting of the metal powder and
the last one uses the same sources to melt a wire [6].
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Powder-based methods have been successfully used to di-
rectly fabricate metallic parts by scanning an energy source
over a powder bed of metal. While these methods are capable
of creating near fully dense parts with a small feature size [9],
but they have many inherent limitations. Some typical exam-
ples for these limitations are high costs, low deposition rates,
high energy consumption, residual stresses, large thermal gra-
dients, overall poor surface finish, limited part size, and high
contamination risk due to big surface-to-weight ratio of the
powder [10].

Wire feedstock method offers some advantages as regards
the supply of material for metal AM. Due to simpler process
setup and operation, wire-fed methods seem to offer better
repeatability and higher deposition rates in contrast to powder
[11]. To date, wire-fed AM utilizes three different energy
sources of laser, arc welding, or electron beam [12]. Metal
wires are lower in cost and more available than AM metal
powders, making wire-fed processes more cost-effective and
competitive. Moreover, it is a more environmentally friendly
process, which does not expose operators to the powder haz-
ards [12].

However, so far, all metal wire-fed AM use high-energy
source to melt the wire and increase the temperature hundreds
of degrees above the melting point of the alloy [8, 13]. In fact,
these methods are very similar to automated welding process-
es and high temperature of the melt pool and intense thermal
gradients around it are inevitable [14]. This leads to more
controlled processing and post-processing operations to ma-
nipulate the microstructure and improve mechanical proper-
ties [15].

Developing a route that uses wire without most of the lim-
itations described above is a great step to build structural me-
tallic components by AM. High mechanical properties of
semi-solid metal formed parts besides desired rheological
properties in low processing temperatures, below liquidus line
[16], exhorted the authors to utilize semi-solid metals (SSMs)
for the AM process. It is known that extrusion-based process-
es are among the most widely used AM technologies and this
is due to unparalleled advantages of these processes [17]. The
feasibility of utilizing semi-solid metal extrusion and
depositioning for the additive manufacturing of low-
temperature metallic parts was confirmed in the work of
Rice et al. [18]. Confirmation of process feasibility for use
of metals extrusion paves the way for more detailed studies
towards the development of a sustainable process.

Semi-solid metal extrusion and deposition (SSMED) al-
lows for the formation of a metal stream with controllable
rheology in a temperature range intermediate to that of liquid
and solid processing. In addition, it allows for greater cleanli-
ness and material integrity than fully melted processes and
powder sintering. High productivity and lower energy con-
sumption are goals for SSMED. The development of a com-
bined SSM and AM technology by making semi-solid metal

slurry input to an AM process will allow for significant reduc-
tion in costs and time for the production of viable large me-
tallic prototypes and parts. Therefore, it is also in line with the
low-cost objective in this work.

The main idea comes from additive manufacturing of poly-
mers by fused deposition modeling (FDM) method. However,
there are many obvious substantial differences between me-
tallic alloys and commercial 3D printing polymeric materials.
The main difference is in the rheological behavior of semi-
melted polymers and metal alloys. In both cases, the material
flows like a shear-thinning non-Newtonian fluid but the be-
havior is very different in details. Low glass transition and
cold crystallization temperature of the polymers helps the
plasticizing of the filament in a wide range of operating tem-
peratures and the ease of extruding through the nozzle [19]. In
the case of metallic alloys, they need to be processed in a
narrow range of temperatures in which the alloy is in two-
phase region (L+α) of the phase diagram with a desirable
morphology and solid fraction [20]. Rice et al. [18] studied
solid freeform fabrication of a metallic alloy via rheoforming
route and partially solidifying the alloy. They used an electri-
cal furnace to melt the alloy and a rheomolder to prepare in
situ semi-solid slurry. This apparatus was massive and hard to
move, and so the bed did all the movements. Furthermore, the
deposited bead diameter was more than 3.5 mm and this was
undesirable for the production of most of the industrial parts
[21]. All of these shortcomings guided the authors to focus on
thixo-extrusion process, which does not involve the molten
metals and high energy consumption associated with it [22].
In the literature, some attempts have been sited to print the
low-melting-temperature alloys in fully melted state [23–26].
A completely molten alloy has a very low viscosity causing
turbulent flow of material which results in uncontrollable ma-
terial flow and microstructure [27].

2 Experimental procedure

A basic AM apparatus consists of a combination of motion
systems, feedstock, and the heat source [19]. The motion sys-
tem used in this research was a Cartesian robot-like FDM
machine. The concept of heat source and feedstock used here
had also similarities to previous systems. However, a new
head for thixo-extrusion of metallic filaments was developed
and mounted on a carriage of a three-axis table. Nevertheless,
the first step to additive manufacturing of semi-solid metals in
this work was to prepare feedstock with suitable microstruc-
ture for thixo-extrusion. One of the key issues in SSM pro-
cessing is breaking the as cast dendritic microstructure of raw
material to a globular microstructure to improve rheological
properties and printability [28]. There are several methods to
obtain SSM desirable microstructure, which divide into two
main categories: (a) rheoforming and (b) thixoforming. The
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former refers to developing the semi-solid slurry from the
molten metal whereas the latter utilizes a pretreated material
with a non-dendritic microstructure [29] and is the one used in
here.

2.1 Casting of alloys

The commercial pure Sn and Pb with > 99.5% purity were
used and melted to form Sn–15%Pb and Pb–40%Sn alloys.
The raw billets were casted in a cylindrical permanent die to
build the starting material of the subsequent process to obtain
a preconditioned wire with appropriate microstructure.

2.2 SIMA process

Themain solid-state route to globular starting material was the
strain-induced melt-activated (SIMA) process [30]. The mate-
rial was deformed by extrusion and then heated and held in the
semi-solid state. The liquid was formed around the fine and
equiaxed grains along with its recrystallization. A fine and
globular structure was a result of high-angle grain boundaries
induced by plastic deformation and recrystallization wetted by
liquid metal at the semi-solid temperature [29] (Fig. 1). The
SIMA process was effective for small diameter feedstock and
produced high quality feedstock for thixo-extrusion which
also has the potential application for wrought alloys and high
melting temperature alloys such as titanium and super alloys
[20].

The as cast billets were extruded in a single-step cylindrical
extrusion die set to reduce the diameter and produce the wire
or filament which was supposed to be used as the feedstock
for the thixo-extruding process. The extrusion ratio was about
70 at ambient temperature. Billets of 25 mm diameter were
extruded to 3-mm-diameter wires with a 100-Ton hydraulic
press. The extruded wire was warmed up to 40 °C due to large
plastic deformation of 98% reduction in area. The ram speed
was set at 4 mm/min to avoid extra heat generation. The ex-
trusion die set, deformation zone, and produced wire are illus-
trated in Fig. 2.

To accomplish the SIMA thermomechanical procedure, the
extruded wires were isothermally held in a semi-solid state to

create round solid particles surrounded by liquid. This process
was done in different solid fractions of 0.7, 0.5, and 0.4 and
held for periods of 10, 15, and 20 min in a Memmert universal
heating oven. Then, the wires were promptly quenched into
cold water. The filaments were supported in a 3-mm Teflon
tube and placed in the oven sinks horizontally. The resultant
microstructures were studied and the best holding time and
temperature values were investigated in order to obtain glob-
ular grains.

2.3 Design of filament thixo-extruder

To introduce the most affordable system, a desktop machine
based on Prusa i3 FDMwas assembled, which is said to be the
most used 3D printer in the world [31]. Instead of the FDM
printing head, a thixo-extruder was designed and built which
used a metallic wire as a filament and deposited a uniform
bead of semi-solid slurry on a bed to manufacture a metallic
part layer by layer. At the entrance, the metallic filament was
fed to hot end of the thixo-extruder via a pinch roller, and the
solid portion of the filament acting as a piston to push the
semi-molten alloy through a print nozzle. From physics of
the problem, the most common failure mode of the filament
feedstock in the FDM process was buckling [32]. The critical
load (Fcr) could be calculated from the Euler’s column formu-
la for pin-ended boundary conditions (Eq. 1).

Fcr ¼ π3Ed4f
64L2f

ð1Þ

where E, df, and Lf are elastic modulus, filament diameter, and
length, respectively. It is necessary to determine this load in
the design of the wire feeder. Melting front was located in an
intermediate point between the nozzle tip and the entrance of
the filament where the filament temperature exactly reached
solidus temperature of the alloy, which was 183 °C [33].

Due to economic considerations, in the newly designed
thixo-extruder, it was tried to keep maximum similarity to
commercial FDMhot ends. However, more complex rheology
and sensitivity of SSMs to temperature variations made it
necessary to try different designs. The best design evolved

Fig. 1 Schematic of microstructure evolution during SIMA process. (a) Dendritic as cast, (b) directional after extrusion, and (c) globular after holding in
semi-solid temperature
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as shown in Fig. 3. Finally, in order to evenly distribute heat
all around the sides of the liquefier chamber, a 60-W nozzle
heater element was used surrounding the cylindrical hot end
block. The amount of slurry in the liquefier would depend on
the heat flux and the filament feed rate, and this was the critical
design criteria for the thixo-extruder [34].

The heat barrier, made of stainless steel, was considered a
good solution acting as the main physical limit to prevent heat
conduction towards the upper part of the thixo-extruder. An
annular heat sink was also designed and built above the heat
barrier to minimize the heat conduction towards the cold end
and feeder mechanism. The heat sink material was made of
aluminum alloy just like liquefier to have maximum heat
exchange.

2.4 SSMED experimental parameters

The main practical parameters that affect the experimental
procedure of SSMED could be classified into four categories
of liquefier geometrical parameters, feeding/moving speeds,
temperature issues, and surface properties. Key elements of a
SSMED process includes the feeding mechanism, liquefier
dynamics, bead spreading, bonding of adjacent beads of alloys
to one another, and shape changes due to thermal gradients
within the part.

The thixo-extrusion experiments were carried out for both
of the investigated alloys with increasing feed rates through
nozzles with various sizes at different temperatures as shown
in Table 1.

Fig. 2 The extrusion die set
(left), deformation zone (up
right), and produced wire (down
right)

Fig. 3 Developed SSMED thixo-
extruder
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Distance between the orifice and the substrate was set to
1.1× the nozzle diameter. In practice, lower values cause
smearing of the leaving material and more seriously cause a
lesser control of the printing quality. The SIMA processed
globular filament feeding to the hot end was warmed up to
semi-solid temperature and simultaneously thixo-extruded
through the nozzle to deposit on the surface or lower layer.
In situ isothermal holding times of filaments during SSMED
process were in the range of 4–40 s for the investigated feed
rates.

Due to inherent differences of rheological properties of
commercial FDMmaterials with semi-solid alloys, 3D printer
firmware was modified to accommodate changes in the con-
trol of axesmovements, temperature PID control, and extruder
motor settings. These necessary modifications were done on
Marlin firmware at Arduino software. SSMED experiments
were conducted for various conditions and layer-
depositioning quality was investigated.

2.5 Metallographic and mechanical tests

A comprehensive microstructure study was conducted for
each stage. Microstructure of thixo-extruded and depositioned
layers, their bonding and interface were studied. Alloys of Sn-
Pb are difficult metallographic subjects; hence, after sandpa-
per grinding, the metallographic specimens were electro-
polished and electro-etched by using a 24-V power supply

and electrolyte containing 6% perchloric acid, 14% distilled
water, and 80% ethanol for 60 s.

The samples were analyzed with Olympus BH2 UMA op-
tical microscope and SEM was performed with a TEScan
Vega3 XMU Scanning Electron Microscope equipped with
an EDAX energy dispersive X-ray analyzer (EDS) at
20 keV accelerating voltage. Then average grain size and
shape factor (morphology) were measured using Fiji image
analyzing software. A measure of globularity of the structure
can be achieved by determining the shape factor [35]. Shape
factor between 0.6 and 1 is desirable for thixo-forming pro-
cesses [36].

3D printed simple parts are shown in Fig. 4. To evaluate
printing and layers joint quality, a number of mechanical tests
were carried out on the SSMED parts. Sub-sized tensile and
Vickers micro hardness tests were performed besides studying
the fracture appearance of the tensile sample. Tensile test sam-
ples were obtained from longitudinal depositioning on the X-
Y plane.

3 Rheological model and properties

3.1 Thixotropic model

The most important parameter in SSMs that influence almost
all of the rheological properties of the slurry is the percentage

Table 1 The main experimental parameters in SSMED

Parameter Feed rate Solid fraction Nozzle size Channel length Wall material

Amount 1–10 mm/s 0.3–0.5 1.5–2 mm 10–40 mm Teflon-Al alloy-stainless steel

Fig. 4 Deposited layers of semi-
solid alloy. a Four layers printed
adjacent to each other. b Thixo-
extruder printing a sample. c A
printed single layer square shape.
d A three layers printed sample
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of solid fraction, fs [37]. For both of the studied alloys, the
corresponding solid fractions at the test temperatures were
calculated from the Scheil equation [38]:

Cs ¼ k C0 1− f sð Þk−1 ð2Þ
where Cs is the concentration of solute in the solid, at a frac-
tional distance along the bar, fs, C0 is the initial concentration
of the liquid, and k is the partition coefficient Cs/Cl. Using this
relation and the phase diagram of Sn-Pb alloy, the solid frac-
tion of alloys was obtained at different temperatures in the
semi-solid state.

Thixotropy indicates the time taken to move from one state
of microstructure to another and return back [39]. The micro-
structural driving force arises from the competition between
breakdown due to flow stresses and the buildup due to in-flow
collisions and Brownian motion [39].

Then thixotropy is usually introduced via the time deriva-
tive of the structure parameter, dλ/dt, which is given by the
sum of the buildup and breakdown terms. These are only
controlled by the shear rate and the current level of structure
λ [40]. A mathematical model that describes comprehensively
all aspects of the thixotropic rheology is extremely difficult to
develop [41, 42]. However, it is known empirically that shear-
thinned materials take much longer times to buildup than
thixo-extrusion-produced materials [43, 44]. To explain the
rheological model used, the constitutive equation for thixotro-
py could be expressed as follows [40]:

dλ
.
dt ¼ a 1−xλð Þ−bλγ˙ m ð3Þ

where a, b, γ, and m are buildup constant, breakdown con-
stant, shear rate, and power index, respectively. When x = 1,
this is the cross steady state equation that gives the equilibrium
viscosity [45]:

ηe ¼ η∞ þ ηo−η∞
1þ kγ̇:m

ð4Þ

The buildup rate is constant, while breakdown can be con-
stant or be made to depend linearly on the shear rate [45]. For
the investigated alloys, the rheological properties and apparent
viscosity in each test condition were derived from cross equa-
tion in which Sn-Pb alloys with solid fractions of 0.35 to 0.5
fit well [33]. So the cross model was used for the calculation
of alloys apparent viscosity at different thixo-extrusion test
conditions.

3.2 Liquefier dynamics

There exist some assumptions that are admissible for thixo-
extrusion dynamics such as the melt incompressibility, a no-
slip boundary condition at the chamber’s walls, and a fully
developed, steady-state, and laminar flow. To account for the

material being solid at the entry of the thixo-extruder, the plug
flow is assumed at the channel entry. Therefore, the fraction of
the feeder force to cross-section of the filament implies the
pressure difference Δp needed to flow through the channel
and the nozzle [46]. Here, just like capillary rheometer, it
follows [47]:

η ¼ Δp

2γ̇w L
.
R

� �
þ e

h i ð5Þ

If L/R < 50, the Bagley correction is necessary for consid-
ering end effects [47]: e =Δp/2τw

From Hagen–Poiseuille law for laminar flow through a
pipe of circular cross-section, volumetric flow rate is as fol-
lows:

Q ¼ πR4Δp
8ηL

ð6Þ

Up to now, only power-law viscosity models have been
used in published studies of polymeric FDM liquefiers [19].
However, more complicated rheological behavior of SSMs in
the thixo-extruder is needed to be considered. Shear rates in
the nozzle of FDM machines are commonly in the range of
100–200 per second, but in the present study, due to larger
nozzle size, it is slightly lower than these values. Shear rate
drives are computed from the following equation for a fully
developed laminar flow [48]:

γ˙ w ¼ γ˙ a*
3

4
þ 1

4

∂ lnQð Þ
∂ lnτwð Þ

� �
¼ 8V

D
3nþ 1

4n

� �
ð7Þ

where (3n + 1)/4n is the Rabinowitsch correction coefficient
and, for the case of common shear-thinning materials, be-
comes 1.375 [47].

Another estimate for extrudability of a filament in FDM
process is given by the following equation [3] that ensures
viscosities lower than 20 kPa.s are applicable for the investi-
gated semi-solid alloys.

E
η
≥
8Q L

.
R

� �2

π3r4k
ð8Þ

L/R is the slenderness ratio of the filament and k is the
scaling factor (experimentally determined). Four recent equa-
tions have been the basis for the thixo-extruder design.

Fortunately, the small size of filament allows nearly uni-
form temperature in the melt to be achieved quickly with
variations of often less than 0.5 °C through the wall to center-
line. In the examination range for the solid fraction in
SSMED, which was 0.3–0.4, the sensitivity of fs to tempera-
ture was about 6 °C per 10% changes in solid fractions. This
meant having ± 1 °C fluctuations in temperature resulting up
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to 0.05 variations in solid fractions, and hence, good control-
lability of the microstructure was possible.

In addition, comparison of exiting bead width and nozzle
diameter revealed that the presence of solid globules in the
slurry exiting from the nozzle results in low die swelling in
comparison with fully melted alloys or materials that do not
have some solid particles in their medium [41].

4 Results and discussion

Metallurgical studies on the specimens after each stage reveal
a fair understanding of the microstructural evolutions during
the printing process. The photomicrographs of the Pb-40Sn
alloy before and after room temperature extrusion confirm
successful generation of directional fine-grained microstruc-
ture. This microstructure is very suitable to form globular
construction when exposed to semi-solid temperature [49].
The isothermal holding of the produced wires in an oven

and then going through water quenching promptly gave the
desired microstructure of SSMED feedstock. Figure 5 depicts
these microstructure evolutions. Finally, when the globular
wire was reheated in thixo-extruder and deposited on the low-
er surface, minimum microstructural changes occurred in fab-
ricated part (Fig. 6). However, the interlayer adhesion and the
interface microstructure have significant effects on the me-
chanical properties of the final product.

In a good metallurgical joint, there is no sharp microstruc-
tural transition at the interface and this was achieved in
SSMED process too, so that it is difficult to recognize layers’
interface in most of the studied interfaces. Looking at the
middle of Fig. 7, it could be seen that there are no visible
interface between the two layers indicating a suitable printing
of the layers. Back scattered and SEM micrographs of one
area at the ending of two successive layers were represented
in the figure alongside. Both sides of the interface between
two deposited beads have a maximum admissible solid frac-
tion. In the case of Sn-Pb, this solid fraction limit is

Fig. 6 BSE microstructure of deposited layers for investigated alloys, Sn-15Pb (left), and Pb-40Sn (right)

Fig. 5 OM microstructure of the alloy before (left) and after room temperature extrusion (middle) and SIMA processed wire (right)
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approximately 15% [50]. This is due to unique properties of
SSMs and high diffusivity of the liquid phase alongside the
solid particles [51]. Favorable microstructure dimensions for
SSM processes are grain sizes smaller than 100 μm and shape
factors more than 0.6 [49]. In this study, the resulted micro-
structure of SSMED process has typically finer globular
grains with average shape factor of 0.7, which indicates a
desirable microstructure.

Choosing the optimum shear rates and solid fractions for
the thixo-extrusion tests, segregation of solid particles did not
occur. Figure 8 demonstrates the X-ray diffraction (EDS) re-
sult of the surface of a thixo-extruded layer, from which it
could be seen that the chemical composition of the exiting
slurry hardly changed by time. EDS analysis was performed
to ensure the success of the thixo-extruding process and the
absence of phase segregation phenomena. The results indicat-
ed that, for the thixo-extruding condition, the material was

uniformly discharged from the nozzle without any problem
of liquid leakage, and the layers were deposited with near
nominal composition.

Also because of the process low operational temperatures,
shape changes due to thermal gradients within the part are
minimized. Using larger nozzle diameter and lower solid frac-
tion, higher deposition rates could be achieved as far as the
flow remains controllable. This method allows high deposi-
tion rates of currently up to 0.8 kg/h.

In the micro hardness tests, the results show that hardness
values in the layers’ interface differ by 4% from those within
the inner layer. Figure 9 shows the hardness values for the
seven positions from the middle of one layer to another. The
mechanical properties of the printed parts are also presented in
Table 2 in comparison with the cast alloys. The results show
that tensile strength of the SSMED parts in the direction of
printing is higher than the cast alloys.

Fig. 8 EDS analysis of the
surface of a thixo-extruded layer
(81–19 wt% Sn-Pb)

Fig. 7 SEM and BSE of the interface between two deposited layers
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5 Conclusion

This paper presents a method of metal AM by semi-solid
metal extrusion and deposition, SSMED, route. The main
concern of the paper was to introduce a new method using
semi-solid metallic slurries in extrusion-based AM. Fine con-
trol on temperature gave this opportunity to deposit metals just
like toothpaste. This was due to special rheological properties
of SSMs. This paper presented a pilot study on thixo-
extruding a wire to make a continuous bead of semi-solid
metal that could be depositioned layer by layer to build a
metallic part in three dimensions. According to the results, it
is concluded that preconditioned metallic filaments could be
deposited successfully on a substrate in a semi-solid state.
This process was successfully implemented on a model alloy
and illustrated the possibility of using semi-solids for AM, and
overcomes the challenges of joining successive semi-solid
layers. This research has clearly shown that the SSMED parts
made of low-temperature Sn-Pb alloys have good mechanical
properties and controlled microstructure.

This new method has its own advantages and disadvan-
tages. Lower operational temperatures in comparison with
currently available metal AM techniques resulted in lower
energy consumption and lower thermal shrinkage. From met-
allurgical point of view, all of the commercial metal AM tech-
nologies have a number of drawbacks; the most important
being the existence of porosity or undesirable grains due to
high temperature gradients. In the case of SSMED, almost
none of these limitations exist and the microstructure of the

whole part is comparable to die cast components. On the other
hand, more control on continuous thixo-extruding process and
implementing finer nozzle will increase the precision and ca-
pabilities of this method.

The findings in this work suggest that this approach makes
it conceivable to develop SSMED to other industrial alloys.
This process has the potential to apply to higher melting tem-
perature alloys such as aluminum alloys, titanium alloys,
steels, and super alloys.
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