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Indirect additive processing of ferrous metals offers the potential to freeform fabricate

parts with good surface finish and minimal dimensional variation from the computer solid

model. The approach described here is to mix a ferrous powder with a transient binder

followed by selective laser sintering (SLS) in a commercial polymer machine to create a

“green” part.  This part is post-processed to burn off the transient binder and to infiltrate

the porous structure with a lower melting point metal/alloy. Commercially available

SLSed ferrous components contain copper-based infiltrant in a ferrous preform. The

choice of copper alloy infiltrant has led to inferior mechanical properties of these

components limiting their use in many non-injection-molding structural applications,

particularly at elevated temperature. In the present work, an attempt has been made to

replace the copper-based infiltrant considering cast iron as a potential infiltrant because

of its fluidity, hardness and stability at comparatively high temperature. A critical
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consideration is loss of part structural integrity by over-melting after infiltration as

chemical diffusion of alloying elements, principally carbon, occurs resulting in a decrease

in the melting temperature of tool steel preform. A predictive model was developed

which defines the degree of success for infiltration based on final part geometry and

depending on the relative density of the preform and infiltration temperature. The

processing regime is defined as a function of controllable process parameters. An

experimental program was undertaken using commercially available LaserForm tm A6 tool

steel that was infiltrated with ASTM A532 white cast iron. Guided by Ashby

densification maps, pre-sintering of the A6 tool steel SLS part was performed to increase

the part initial relative density prior to infiltration. The final infiltrated parts were

analyzed for geometry, microstructure and hardness. The model may be extended to other

ferrous powder and infiltrant compositions in an effort to optimize the properties and

utility of the final infiltrated part.
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Chapter 1

INTRODUCTION

Conventional manufacturing techniques such as casting and machining require molds, dies

and other fixtures for part manufacture. Solid Freeform Fabrication (SFF), most recently

referred to as “Additive Manufacturing”, is a group of technologies that have

revolutionized product geometry and manufacturing. These technologies have the ability to

fabricate freeform, complex geometry parts directly from a computer aided design (CAD)

database and without the need of human intervention and part specific tooling [1].

Freeform technologies are considered as additive processes which use a variety of raw

materials for fabrication of complex components. For Example, Selective Laser Sintering

(SLS) is a powder based freeform process, whereas stereolithography requires an

ultraviolet light-sensitive liquid polymer resin which cures upon exposure to laser [2]. In

addition to these materials, various other freeform technologies use different raw material

forms including thermoplastic filament, superheated droplets, etc [3].

1.1 Selective Laser Sintering

Selective Laser Sintering is a fast growing freeform process for rapid prototyping and

rapid manufacturing of functional parts. Developed in late 1980’s at The University of

Texas at Austin, this technique utilizes energy from a laser beam to melt thin layers of

powder into specified shapes [4, 5]. A sinter station is used for building these parts. In

this process a thin powder layer is deposited across a piston by a roller in a build
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chamber, and a CO2 laser beam is directed on it to locally fuse the powder particles in a

selected area. Once the desired area on the layer is sintered, the piston lowers and another

layer of powder is deposited on it and is leveled with a roller mechanism. This new layer

is again selectively sintered and is fused to the previous layer by various mechanisms like

surface bonding and melting. The procedure is repeated until the desired part is

completely built. The area of the powder to be sintered in each layer depends on the STL

part design data provided to the computer [6]. An STL (Stereolithography) file represents

the surface of a solid body with a mesh of triangles. This triangulated geometric

representation is sliced into thin layers using a software package and the shape data of

each layer is used to direct the laser beam to fuse the powder. During the sintering

process, the un-fused loose powder remains in place and serves as the support for the next

layer of powder and part under fabrication. No additional support structure is required.

After the part is excavated from build chamber, the loose powder may be sifted in a sifter

for reuse. Earlier, commercial SLS workstations were built and distributed by DTM

Corporation, Austin, Texas. A wide variety of materials ranging from polymers, to metals

and ceramics can be sintered using the SLS technique. Figure 1.1 shows a schematic of

the SLS process.

During SLS, bonding between the particles occurs when the heat from the laser

source increases the temperature of the powder above its softening or melting

temperature. This is similar to solid state sintering in the conventional powder processing,
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in which at elevated temperatures a neck is formed between individual particles due to

the diffusion of atoms along the surface, grain boundaries or through the particles.

Figure 1.1: Basic components of selective laser sintering (SLS) Process

1.1.1 Capabilities of SLS

Complex geometries that cannot be produced as single pieces using other manufacturing

methods can be built using SLS. SLS also reduces the lead time from design to product

from several months to weeks or days when compared to conventional manufacturing

methods. The net shape nature of the process eliminates further machining of the parts

produced except to improve their surface finish or dimensional tolerances when needed.

3
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Parts produced by SLS can have complex internal geometries, undercuts, and other

intricate features that are impossible to produce by conventional P/M methods. But

whereas conventional P/M can produce parts with a green density of about 80% of

theoretical density, green parts from SLS have a density of less than 60% and hence large

dimensional changes occur during further sintering of these parts to reach to full density.

Low melting point, non-reactive materials are easiest to process using SLS as they

require less laser energy to fuse and will not form any undesirable compounds. A variety

of references are available for further information on Selective Laser Sintering [7, 8]. The

unique advantages of SLS processing method makes it suitable for producing prototypes

and specialty components that will not be mass produced [9].

1.1.2 Classification

Polymer parts are useful as prototypes and patterns for casting and injection molds. More

mechanically or thermally demanding material applications require the use of metals or

ceramics. Very recently, difficult to process ceramic and metal parts have also been

produced by SLS techniques. SLS can be broadly classified into direct and indirect

selective laser sintering methods. To directly sinter metals and ceramics, a high

temperature laser sintering station was developed in early 1990’s [10]. Because of high

melting temperatures and distinct radiative properties of metals and ceramics, a high

energy laser and a different laser wavelength were needed for the direct SLS workstation.

Metals and ceramics can alternatively be processed using a commercial SLS

machine by incorporating a sacrificial polymer binder, which can be pyrolyzed during
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post processing. This method is referred to as Indirect selective laser sintering.

Depending on the material being sintered, various processing issues arise during sintering

which are discussed elsewhere [11-15]. In the following sections a brief discussion of

their advantages and limitations will be addressed.

1.1.3 Direct Laser Sintering/Selective Laser Melting

Direct Selective Laser Sintering, as its name suggests, produces final parts directly from

the SLS process without adding any post-processing steps. The laser power required to

achieve a fully dense plastic part is usually below 20 Watts for thermoplastic powders.

As far as metals and ceramics are concerned, the major challenges are that a much higher

laser power, or energy density and more stringent processing atmosphere control are

required compared to direct SLS of thermoplastic materials [16, 17]. This process is slow

and requires a long time for completion, and is more useful for sintering of low

temperature materials. For processing high melting point metals and ceramics, liquid

phase sintering, a more rapid form of sintering is employed. In this process a starting

material consists of a mixture of high melting point and low melting point metal powders.

Material systems processed by this technique include Cu-Pb/Sn [18], Ni-Sn [19] and

Cu/Sn(Bronze)-Ni [20].

However, parts made from these material systems had higher surface roughness

due to the balling effect [21]. To get successful direct SLS metal parts, one critical

requirement was to use an appropriate solid-liquid ratio of the powder. Liquid phase

viscosity and solid phase wetting behavior also play an important role in the process.
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Poor atmosphere control can result in poor wetting between the molten liquid phase and

solid phase of metal powder and/or in an oxide layer in as-received form [22].

1.1.4 Indirect Selective Laser Sintering

Even though the overall manufacturing process is more time-consuming compared to the

direct SLS procedure, indirect SLS processes seem to gain more attention in producing

functional parts because of their capability of producing highly dense objects. In this

process ceramic or metallic powders are mixed with a low melting point sacrificial binder

and sintered in polymer SLS machines instead of high temperature sinter-stations used

for direct SLS of these powders [23, 24]. Usually heat from the laser melts the binder

completely thereby joining the powder particles of high melting point. In the case of such

two component powders, binders can be present separately in the powder mixture or as a

coating on metallic or ceramic powders. Generally, the fabrication route for most indirect

SFF techniques involves the production of a porous green part held together by a certain

polymer binder, followed by some post-processing steps to burnout the binder without

destroying part structural integrity and to further densify it, sometimes with an

appropriate infiltrant [25, 26].

One of the post-processing steps, called Hot Isostatic Pressing (HIP), has been

investigated [27, 28] to produce fully dense parts via the application of external pressure.

During the HIP process, the part is usually encapsulated and compacted by an external

pressure from a compressed argon gas at an elevated temperature. If the initial porosity is

uniformly distributed, application of uniform force or pressure can result in uniform
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shrinkage of the part without any distortion. One of the advantages of the HIP process is

that full densification of the part can be achieved in a relatively short period of time

compared to the conventional furnace sintering techniques; the reason being the driving

force for densification is only the reduction of surface area for conventional sintering. On

the contrary, the primary disadvantage of HIP process is its high cost. Added to this, leak

proof encapsulation of the part is often required for HIP of SLS parts due to the existence

of surface connected and interconnected pores. The presence of high pressure gas inside

the interconnected pores may significantly retard densification during the HIP process.

Another post-processing method, infiltration, is also employed to densify and

strengthen the SLS parts [29]. Infiltration is viable when the SLS part has open porosity

that can form a tunnel-like network throughout the part.

1.2 Infiltration

Infiltration is a post processing step employed to increase the density of the SLS parts

without losing part accuracy. Infiltration can be achieved with a liquid such as a solution,

a melt, a polymer or a sol [30-32]. As a result of infiltration the density as well as the

strength of inherently porous sintered parts is increased by filling the surface connected

pores with the infiltrant having a lower melting point. Sometimes more than one process

can be employed to accelerate the infiltration process [33].

DTM’s RapidToolTM process is an example of an indirect SLS process to make

prototype metal mold parts from steel powder. The steel powder used in this case is
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coated with a certain commercial thermoplastic binder. The steel preform made using the

SLS process is post-processed in a furnace where the binder is burned out while the steel

powder bonds together through traditional sintering mechanics. This is followed by an

infiltration process using a bronze alloy as the infiltrant to form fully dense injection

molding tooling. A similar process developed at The University of Texas at Austin [34,

35] used metal-copolymer powder mixtures to create a SLS preform, the copolymer was

gradually burned out as the metal matrix was oxidized in the air furnace. The porous

oxidized metal part was subsequently infiltrated with an epoxy resin and cured. The

finished indirect SLS metal injection mold was reported to have a reasonable strength

that was able to make small scale production runs. This mold-production process has

been called Rapid Mold by the inventors. Some of the features of this fabrication process

are fast manufacturing, low-cost post-processing in a simple air oven, and parts produced

with good thermal conductivity, high hardness and low thermal expansion compared to

filled-epoxy tooling.

More recently, an indirect SLS process developed at The University of Texas at

Austin involved construction of an SiC preform from the SLS process followed by binder

carbonization and reactive infiltration of liquid silicon to produce silicon wafer handling

components [36]. More detailed explanation about the reactive infiltration process can be

found elsewhere [37].
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1.2.1 Pressure Assisted and Pressureless Infiltration

In general, infiltration of SLSed components is classified into two categories, pressure

assisted and pressureless. The former makes the processing much easier and faster, but is

limited by the need for a mold to allow the pressure differential to be established and to

define the part shape. However, to infiltrate a porous body, the infiltrant must wet the

part. Pressure is not required if capillary action is sufficient to draw the infiltrant into the

porous body. Both the processes (wetting and capillary action) are influenced by the

surface energy of the liquid and the contact angle between the solid and the liquid [38].

Surface energy acts as a driving force in the case of pressureless infiltration. This

technique provides cost effective processing and due to favorable wetting, pore free final

parts with good structural integrity can be obtained.

1.2.2 Pressureless or Spontaneous infiltration

For the infiltration to occur the total energy of the system must be reduced after

infiltration due to the formation of the new solid-liquid interface as the infiltrant moves

through the preform. According to Young’s equation [39], the surface energies at the

three phase contacts are related to the equilibrium contact angle through:

γsl = γsv - γlv cosθ (1.1)

where γsl , γsv and γlv are the surface free energies between solid-liquid, solid-vapor and

liquid-vapor phase, respectively and θ is the contact or wetting angle between the solid

and liquid as shown in Figure 1.2.
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Figure 1.2: Non-wetting (θ>90o) and Wetting (θ<90o) system [40]

When the contact angle is greater than 90o, the liquid will ball up to minimize the

solid-liquid contact area and the system is described as a non-wetting system. A contact

angle of less than 90o is described as a wetting system and is energetically favorable for

the liquid to spread on the solid surface. The ideal system for pressureless infiltration is a

very small or zero contact angle so that a large driving force exists for the liquid to coat

the solid surface.

A complete analysis of wetting behavior is more complex than just solving the

Equation 1.1. Therefore for screening purposes, one of the rules for spontaneous wetting

to occur is that liquid vapor interface energy is less than solid vapor interface energy, i.e.,

γlv < γsv (1.2)

The relations between the infiltration pressure, interface energies of various

phases involved, and the wetting angle were discussed in detail elsewhere [41-43]. In

addition to wetting of substrate by the infiltrant, the factors like time and temperature for
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infiltration, viscosity of infiltrant and percent porosity of SLS part affect the infiltration

dynamics. For obtaining the best wetting behavior and strong adhesion forces, the

condition: γlv << γsv is always desirable. Proper infiltrant selection can impart desirable

properties to the final part in addition to preserving the part geometry [44, 45]. Although

several models exist to deal with the description of infiltration dynamics of porous media

due to many affecting factors [46], there is no widely accepted theory for the current

infiltration study.

1.3 Injection Molding Dies and Molds

The traditional method for manufacturing molds for injection molding involves precision

machining of cast metals. This fabrication process is typically very complex, time

consuming, expensive and requires highly skilled labor. Lead times for molds

traditionally run from a few weeks to as long as six months depending on the part

complexity. Even the traditional prototype mold making of complex parts suffers from

every aspect of mold making except for the use of soft metals or composites that are

easier to machine [47].

The concept of using rapid prototyping techniques to construct molds and inserts

for injection molding has received a lot of attention in the past few years. Fabrication of

prototypes using the SLS process offers a significant savings of both time and money

compared to conventional prototyping techniques. Rapid prototyping process can be used

to fabricate the replica of the original part design which is then used as a master to cast

the mold core and cavity, or it can also be used directly to create a mold core and cavity.
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Initially, stereolithography prototypes were used to create silicone rubber molds. Since

then there has been a significant effort both at the industry and academic level to invent

methods for generating injection molding tooling for the production of thermoplastic

prototypes. During the recent years, mold making using selective laser sintering of copper

and steel alloys has been investigated [48]. The SLS rapid prototyping process has been

adapted to produce metal-based prototypes that can be used in rapid tooling applications

[49, 50]. Advantages of the SLS process include excellent mechanical strength, wear

resistance and thermal conductivity of the molds in addition to its unique advantages of

saving time and ability to manufacture complex geometries. The applicability of this

process is restricted by the large process shrinkages and poor surface finish requiring

extensive polishing of the molds.

1.3.1 Bronze Infiltrated Tool Steel

Research has been done to study the infiltration of bronze into SLSed tool steel [51]. The

resulting parts possess a bronze matrix in a tool steel preform. Though the parts are

commercially available, they possess poor stability at higher temperatures, ruling out

their applications at high temperatures. Bronze infiltrated tool steel parts are used for

medium and short run injection molds. Moreover selection of bronze infiltrant leads to a

compromise in strength and hardness of the part resulting from generally inferior

mechanical properties of bronze compared to those of tool steel.
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1.3.2 Description of the Problem

The bronze alloy in the infiltrated SLS parts constitutes a relatively weak second phase

with limited high-temperature stability. For applications demanding high hardness and/or

high temperature stability, these current commercial infiltrants are inadequate, although

the ferrous matrix, typically tool steel, has potential. New infiltrants may be considered

for which hardness and maximum service temperature are not so severely compromised.

Optimized infiltrants need to be metallurgically engineered compositionally to produce

final service items with desired microstructure, composition and properties.

Cast iron is considered as one such potential infiltrant for its good fluidity and

hardness. Cast iron is also available in a variety of strength grades and microstructures.

The current research work deals with a modification to the commercial infiltration

process whereby a low-melting-point cast iron is substituted for the copper alloy

infiltrant. A critical issue in the production of fully ferrous components with indirect

selective laser sintering considering cast iron as a potential infiltrant is avoiding melting

of the tool steel during infiltration, as it results in distorted final part geometry. Even

though steel melts around 100oC higher than cast iron, diffusion of carbon from the cast

iron into the tool steel preform during infiltration results in lowering of the melting point

of the tool steel and potentially distorting the SLS part.
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1.4 Objectives of Current Research

The intent of this research was to demonstrate the feasibility of using an iron-based

infiltrant as a post-processing step in additive manufacturing to substitute for cuprous

infiltrants. The objectives of the present research is to understand the issues associated

with ferrous alloy infiltration into the ferrous preform and to develop a model to achieve

successful infiltration, thereby producing fully ferrous components, with complex design,

for low run and high performance applications. An attempt is made to develop a

commercially viable manufacturing route using an inexpensive polymer selective laser

sintering machine for producing fully ferrous components with high strength, hardness

and high-temperature capability.

1.5 Methodology

Based on the composition of the SLS perform and infiltrant, a predictive model was

developed to study the infiltration of a SLSed LaserFormtm A6 tool steel component with

ferrous alloy infiltrant that describes the part equilibrium solid fraction at the infiltration

temperature as a function of the part green density and infiltration temperature. In current

research, predictive model was developed considering equilibrium state during

infiltration of plain carbon steel with cast iron. Effect of any alloying elements was not

accounted. In an experimental study, green parts were fabricated using commercially

available LaserFormtm A6 tool steel powder. They were then heated in vacuum to drive

off the binder and infiltrated with ferrous alloy infiltrant. The resulting parts were tested
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to correlate with the model. Initial studies were conducted using ASTM A532 Class I

Type C Martensitic white cast iron as an infiltrant. More details on material used for

experimentation are discussed in chapter-3. The work was carried out in three stages:

constructing a predictive model, experimental part generation and analyzing the

experimental results by correlating with the model constructed.

Guided by Ashby densification maps, pre-sintering of the tool steel green part was

performed to increase the initial relative density of the SLS tool steel part prior to

infiltration. Further, the predictive model can also be extended to study the effect of

excess infiltrant.
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Chapter 2

MODELING

2.1 Predictive model for infiltration

As discussed earlier, tool steel powder was used to produce preforms of the parts by

indirect selective laser sintering, and cast iron was used as an infiltrant into these

preforms to produce fully ferrous components. As a part of methodology, preforms of

tool steel parts obtained from an SLS sinter station were heated in a vacuum furnace to

burn off the binder and then were infiltrated with the desired amount of cast iron at

certain set temperature. During infiltration of cast iron into the SLS tool steel preform,

various elements, particularly carbon, interdiffuse between cast iron and tool steel. As

cast iron is rich in carbon content compared to tool steel, the carbon composition of the

tool steel tends to increase during diffusion. Therefore the toolsteel’s melting point

decreases which, in extreme cases, can result in loss of shape in the final part.

To preserve the final part geometry, it was hypothesized that the equilibrium state

at the infiltration temperature is a mixture of solid tool steel and liquid cast iron. Various

processing parameters affecting equilibrium during infiltration were identified to achieve

successful infiltration and are discussed in the following sections. A predictive model,

defining the degree of success for infiltration based on final part geometry, is constructed

depending on these parameters.
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2.1.1 Iron-Carbon Phase Equilibrium Diagram

As a reference, Figure 2.1 shows iron-carbon phase diagram [52] with various materials

compositions represented. Tool steel has a carbon composition less than 2% where as it is

more than 2% in case of cast iron. Let Ci and Cm be the carbon composition of cast iron

(infiltrant) and tool steel (matrix) respectively, as shown in the Figure 2.1. Considering ρ

as the density of pure tool steel and cast iron, if ∆ is the relative density of the brown tool

steel part, the theoretical relative density of cast iron needed for infiltration is given by 1-

∆. After the infiltration at a set temperature Ti, let Ce be the equilibrium carbon

composition of the resulting part, which may be given by the relation,

Ce= [Cm ∆ +Ci (1- ∆)] = Ci- ∆ (Ci-Cm) (2.1)
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Figure 2.1: Iron-carbon phase equilibrium diagram [53]. The definitions for carbon compositions

at various points are given in the text.

Let CS and CL be the solidus and liquidus carbon compositions at equilibrium, as

shown in Figure 2.1, which in turn depend on infiltration temperature. As shown in the

phase diagram, during the infiltration process, carbon from cast iron diffuses into the tool

steel preform to reach the equilibrium composition of Ce. As the carbon content in the

preform increases, it enters the two phase region (Liquid + Austenite) once the carbon

composition exceeds the solidus composition CS. Hence, melting of the brown part can

be observed as its carbon content exceeds the solidus composition.
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2.1.2 Equilibrium Solid Fraction At Infiltration Temperature

Successful infiltration into the brown part should ensure that cast iron melts completely

and diffuses into the brown part without disturbing the part geometry. Preferably the

equilibrium solid fraction of the final infiltrated part is greater than the uninfiltrated tool

steel part relative density.

From the phase diagram shown in Figure 2.1 and using the Equation 2.1, the

equilibrium solid fraction at the infiltration temperature is given by the ratio of liquid arm

length to the length of the total arm, as shown below:
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where CL and CS are the carbon compositions of solidus and liquidus lines at equilibrium

which in turn depend on infiltration temperature. Therefore, the equilibrium solid fraction

Xe at equilibrium can be considered as a function of the relative density of the SLS brown

part ∆ and the infiltration temperature Ti [CL, CS=f(Ti)] for a given composition of tool

steel Cm and cast iron infiltrant Ci. More details on evaluation of CS and CL for Equation

2.2 are presented in Appendix I.

2.1.3 Factors Affecting Equilibrium During Infiltration

A predictive model for infiltration of cast iron into SLSed tool steel brown part is

constructed based on the fact that the equilibrium state at the infiltration temperature, as

shown by Equation 2.2, is governed by various factors, i) carbon content of tool steel
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(Cm) and cast iron (Ci), ii) infiltration temperature (Ti), iii) relative density of tool steel

SLS part prior to infiltration (∆) and iv) amount of infiltrant (excess) needed to ensure

complete infiltration.

To ensure production of an infiltrated part with acceptable geometry, it is critical

to set the infiltration temperature such that the solid fraction at equilibrium, Xe does not

fall too much below the solid fraction of the SLS part prior to infiltration, ∆ i.e., Xe≥∆.

The relative density of a brown part prior to infiltration can be increased as discussed in

the following section.

2.2 Ashby or Densification plots

The initial relative density ∆ of SLS parts prior to infiltration, can be varied by sintering

the green part at various temperatures [54]. Once the green part is obtained by

conventional SLS of the tool steel powder with binder, it is sintered in a vacuum furnace

to drive off the binder and increase its density.

2.2.1 Powder Densification Process

During the initial stages of sintering, coalescence of powder particles occurs by neck

formation and growth between the contacting particles. The models developed for

conventional pressureless sintering assume an initial structure consisting of uniformly

sized, perfectly spherical particles [55]. This assumption is to simplify the calculations in

comparison to a system of arbitrary, irregularly shaped particles. Initially the spherical

particles are assumed to be in point contact as shown in Figure 2.2. As the sintering



21

process proceeds, “necks” or “bridges” form increasing the contact area between adjacent

particles. In early stages of sintering, particle necks provide strength, but very little

densification takes place. As sintering proceeds, neck area continues to increase, and

particles begin to coalesce, resulting in increasing bulk density.

Figure 2.2: Model of sintering process for uniformly-sized, spherical particles. [55]

During the intermediate stages particles tend to move closer to one another and

the enlarged necks between particles produce a cylindrical pore structure throughout the

powder mass, and the corresponding microstructure is characterized by a tunnel-network

of porosity between the particles as shown in Figure 2.3(a).
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Figure 2.3: Illustration of the (a) cylindrical pore structure during intermediate stage and (b)

isolated, spherical pore structure at the final stage. [55]

While this interconnected pore network exists, it serves as an important conduit

for mass transport; however, the network ceases to exist during the final stages when a

theoretical density of approximately 92% is reached, giving rise to the formation of

isolated spheroidal pores. These pores, as illustrated by black dots in Figure 2.3(b),

continue to shrink until the densification is complete.  This increases the hardness of the

sintered part. The resulting density of the component depends on the initial density,

sintering temperature and dwell time at that temperature [56].

2.2.2 Driving Forces for Densification

For pressureless sintering, a reduction in surface area is the only driving force for the

densification of the powder mass. Densification of the powder occurs by any of a number

of mechanisms including plasticity, boundary diffusion, volume diffusion, Nabarro-

Herring creep, Coble creep and power law creep [57]. In all stages of sintering, several

densification mechanisms act simultaneously. In Ashby’s initial analysis for pressure
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sintering maps, he included four independent mechanisms: lattice diffusion, grain

boundary diffusion, power-law creep (or dislocation creep), and plasticity

(yielding/dislocation glide). In more recent work, the additional mechanisms of Nabarro-

Herring creep and Coble creep were included for cases where the internal grain size of

the particles is substantially smaller than the particle diameter [58]. The creep and yield

mechanisms do not operate in the case of pressureless sintering.

2.2.3. Ashby Plot for generic tool steel

Ashby, et al. [59-61] defined densification relations for various mechanisms and created a

temperature densification map, a plot of relative density as a function of sintering

temperature , time and particle size, for a given material. The Ashby plot for densification

of a generic tool steel part with initial relative density of 0.48, is shown in Figure 2.4.

Any point on the plot indicates the final relative density of the brown part with initial

relative density of ~0.48 sintered at a known temperature for a given length of time. For

example, points ‘a’ and ‘b’ marked on the plot indicate resulting relative density for the

parts sintered at 1260oC for 5hrs and 1100oC for 3hours, respectively.



24

Figure 2.4: Ashby densification map for tool steel, plotting relative density as a function of

temperature and time of sintering. The data points a, b represent increased relative densities of the

parts sintered for 5hr at 1260oC and 3hr at 1100oC, respectively.

.
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2.3 Predictive Model for Current Research

This research deals with infiltration of SLSed tool steel parts of carbon composition (Cm)

1.1% (wt) with ASTM A532 Class I Type C martensitic white cast iron of carbon

composition (Ci) of 3.6% (wt). More details on composition are discussed in Section 3.2.

Based on Equation 2.2, a graph predicting the equilibrium solid fraction at various

temperatures for different relative densities of the brown part is plotted as shown in

Figure 2.5.

Figure 2.5: Equilibrium solid fraction Xe as a function of infiltration temperature for varying

brown part relative density.
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Following are the salient features of the predictive model:

1. A point in Region I i.e., above the dashed line represents a higher value of solid

fraction than the value prior to infiltration. The cast iron melts and infiltrates into

the solid brown part resulting in a decent fully ferrous component.

2. The dashed line crossing the curves implies the equilibrium solid fraction is equal

to the relative density of the brown part at a given infiltration temperature.

3. Any point below the dashed line i.e., in the Region II, represents the equilibrium

solid fraction to be actually less than the relative density of the brown part. In this

case, melting of the part is predicted resulting in the potential distortion of the

part.

To ensure successful infiltration and to obtain a geometrically acceptable final ferrous

part, it is recommended to select the infiltration parameters from the Region I of the

predictive model. This recommendation is further validated by the experiments.

2.3.1 Sensitivity of the predictive model with carbon composition

The measured values of Cm and Ci were high in the range of allowable carbon

composition for the materials considered, A4 (0.95-1.05 wt%) and ASTM A532 Class I

Type C martensitic white cast iron (2.9-3.7 wt%). Reducing Cm and/or Ci in this range

results in slight changes to the results plotted in Figure 2.5. These changes are

predictable, resulting in an increase in the area of Region I.
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2.4 Effect of Excess Infiltrant

The predictive model can be further refined by considering infiltration with excess

infiltrant. Excess of infiltrant is needed to ensure complete infiltration of the part.

Consider an excess of infiltrant (cast iron) placed on the tabs of tool steel preform during

infiltration. This actually alters the effective solid fraction, decreasing it initially. This, in

turn, decreases the equilibrium solid fraction at the infiltration temperature. Let ε be the

fraction of excess infiltrant by volume to the actual volume of infiltrant needed, i.e., ε

equal to zero implies the absence of excess infiltrant, and ε equal to 0.2 implies the

volume of infiltrant taken is 20% in excess to the actual volume of infiltrant needed as

defined by 1-∆. The effective starting density of green part as a function of excess

infiltrant is given by,

[ ] [ ])Δ-1(ε-1
Δ

=
)Δ1)(ε+1(+Δ

Δ
=effΔ

- (2.3)

Derivation:

Volume of tool steel perform = VT

Volume of infiltrant needed = (1-∆)VT

Volume of total infiltrant taken = (1+ε) (1-∆)VT

Hence starting solid fraction is given by

∆eff =
∆VT

∆VT+ (1+ε)(1-∆)VT
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Figure 2.6: Effect of excess infiltrant on effective starting density for various densities of tool

steel brown part. Excess infiltrant can result in a decrease of equilibrium solid fraction at

infiltration temperature as the amount of infiltrant increases.

Figure 2.6 shows the decrease in the effective starting density as ε increases. The

amount of decrease for a reasonable values of 0 < ε < 0.5 results in only modest changes

to ∆eff of less than 10% approximately.

The effect of excess infiltrant on the effective starting brown density of the SLS

part, though presented as a plot, has not been validated as a part of this research work.
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Chapter 3

EXPERIMENTAL PROCEDURE

Selective laser sintered and infiltrated fully ferrous parts were manufactured and

characterized. Cubes of 25 mm side dimension with an adjoining tab for placing the

infiltrant were SLSed from LaserFormtm A6 tool steel on a DTM 2000 Sinterstation. The

samples were removed from the SLS machine (green part), cleaned and then post

processed. During post processing, green parts were sintered in a vacuum furnace to burn

off the binder (brown part) and to further sinter the part to a desired density. Infiltration

of the brown part with cast iron was carried out in a vacuum furnace at a selected

temperature to obtain the final infiltrated part.

3.1 Materials

Preform Material: Laserformtm A6 tool steel powder supplied by 3D Systems [62, 63]

was used to generate SLS parts. The Laserformtm was coated with a proprietary polymer

binder that melts and fuses the powder particles when laser beam strikes it. This polymer

leaves little or no ash and therefore does not materially affect the composition of the final

part.

Infiltrant: ASTM A532 Class I, Type C martensitic white cast iron supplied by

Clarksville Foundry, Inc., Clarksville, Tennessee, was used as an infiltrant material.
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3.2 Material Characterization

3.2.1 Composition

Samples of both tool steel and cast iron materials, used for the purpose of research, were

analyzed for composition at Constellation Technology Corporation, Largo, Florida. Even

though the powder supplied by 3D Systems was termed A6 tool steel, it was found that

the composition of the Laserformtm lies more nearly within the range for A4 tool steel.

The compositional details of these materials, obtained from wavelength-dispersive x-ray

fluorescence spectroscopy [64], are listed in the Table 1. The analysis also indicated

presence of tungsten, by 10%, in the composition of Laserformtm tool steel powder. This

may be due to the addition of tungsten carbide to the powder.

Table 1: Composition in wt% of materials used in this research with several baseline materials

Sample C(%) Mn(%) P(%) S(%) Si(%) Cu(%) Ni(%) Cr(%) Mo(%)

Cast iron 3.6 0.5 0.02 0.01 0.8 0.04 3.1 1.2 0.2

Tool steel 1.1 1.5 0.03 0.01 0.4 0.07 0.02 1.6 1.5

Class I
Type C Ni-

Cr-GB
Martensitic
White cast
Iron [65]

2.9-
3.7

1.3
max

0.3
max

0.15
max

0.8
max

-
2.7-
4.0

1.1-
1.5

1.0
max

A4 Tool
steel [66]

0.95-
1.05

2.00
max

0.03
max

0.03
max

0.5
max

- -
1.55
max

0.33
max
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3.2.2 Differential Thermal analysis

Differential thermal analysis (DTA) of infiltrant and preform materials was carried to

determine the temperature at which phase change occurs in these materials. Results

obtained from DTA of the cast iron and the tool steel powder, as shown in Figures 3.1

and 3.2 respectively, indicate that the phase change from solid to liquid, in the infiltrant

material, occurs in the temperature range 1130oC and 1170oC, whereas melting of the

tool steel occurs at a temperature above 1400oC.

Figure 3.1: DTA plot for ASTM A532 martensitic white cast iron indicating that phase change

occurs between temperatures 1130oC and 1170oC.
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Figure 3.2: DTA plot for Laserformtm A6 tool steel indicating no phase change in the temperature

range 1100oC to 1380oC

Proper selection of infiltration temperature can result in successful infiltration of

solid tool steel preform with liquid cast iron.

3.2.3 Particle size

The Laserformtm A6 tool steel powder particles were observed using a scanning electron

microscope to determine the particle size. A random sample of around 100 powder

particles was measured for particle size and the average particle size was found to be 25

µm. Figure 3.3 is a back scattered electron image of Laserformtm A6 powder obtained

from a JEOL JSM 5610 scanning electron microscope.
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Figure 3.3: BSE image of Laserformtm tool steel, spherical particles represent tool steel and the

irregular shaped particles are rich in tungsten and carbon. Average particle size was found to be

25µm.

The smooth spherical particles were the tool steel powder particles and the

irregular shaped particles are rich in tungsten and carbon. This is evident from the EDS

spectrum of spherical powder particle and irregular shaped powder particle, as shown in

Figures 3.4 and 3.5 respectively.
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Figure 3.4: EDS spectrum obtained from a spherical tool steel powder particle.

Figure 3.5: EDS spectrum of irregular shaped powder particle. The high intensity of tungsten and

carbon peaks indicate tungsten carbide powder particle.
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Figure 3.4: EDS spectrum obtained from a spherical tool steel powder particle.

Figure 3.5: EDS spectrum of irregular shaped powder particle. The high intensity of tungsten and

carbon peaks indicate tungsten carbide powder particle.
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3.3 Machine for Part Production

A DTM Sinter Station 2000 and a high temperature vacuum furnace were used for

producing these fully ferrous parts.

3.3.1 DTM Sinterstation 2000

A sinter station, Sinterstation 2000, shown in Figure 3.6, supplied by DTM Corporation

with a 50 W capacity and a CO2 continuous laser was used to build the green parts. STL

files of designed parts were used to build the green parts. The software sliced these parts

into layers. The sintering process used a laser to raise the temperature of the powder to a

point of fusing without actually melting it. A leveling mechanism used a roller to spread

an even layer of powder material on a platform to laser sinter the powder in each layer.

Laser sintered parts were built in a part cylinder of 12 inch diameter and 16 inch height.

To reduce laser energy needed to sinter the powder, the system preheated the powder in

the build chamber. This also helped to reduce thermal shrinkage of the layers, thus

reducing part distortion.

Even minute changes in the material’s composition or its characteristics require a

numerous machine parameters to be recalibrated. Failure to have the machine regularly

calibrated could cause erroneous parameterizations characterized by frequent non-

repeatability among the part builds.
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In most cases, there existed some relationship between the part geometry, part

placement in the part cylinder and build parameters. It was observed that each distinct

part and even the arrangement of multiple parts produced on the SLS machines were

subjected to their own heating and cooling effects. Hence, for a given material, after any

recalibration, not only a parameter need to be adjusted, but a change in the number and

arrangement of parts on the part bed required a careful forethought on adjustment of

machine control parameters. For example, a part laser sintered in the part cylinder just

below the laser window required a different laser power than the part placed at an angle

to the window.

Figure 3.6: DTM Sinterstation 2000 used for producing SLSed green parts from Laserform A6

tool steel powder.
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3.3.2 High Temperature Vacuum Furnace

A super high temperature horizontal vacuum furnace supplied by The Furnace Source,

LLC, shown in Figure 3.7, was used for post processing of the green parts built on the

Sinterstation 2000. Graphite elements were used to heat the hot zone. This furnace was

equipped with Green Series digital indicating program controller UP550E, manufactured

by Yokogawa Corporation of America which uses programmed furnace cycles for

sintering and infiltrating the SLSed parts. A personal computer (PC) based program

parameter setting tool, Light Loader LL100, which is a software package for

programming Green Series controllers, was used to enable set the configuration

parameters such as maximum and minimum temperature as well as the program patterns

of a program controller such as peak and intermediate temperatures, ramp rate and dwell

time, on a PC screen.  This data was transmitted from the PC through the front panel

using an optical communication adapter. Detailed step-by-step procedures for

programming the controller were posted in the laboratory where the furnace was

installed.

The process for brown part production was as follows: A furnace temperature

control file which governs the temperature ramping rate of the furnace was created using

Green Series Program.  This file was then transferred to a UP550E program controller

which can be viewed on an optical port on the face of the furnace. The green parts were

then placed in the furnace for post processing and the furnace door was closed tight using

the screws. This was to avoid oxidation of parts at high temperatures due to any oxygen
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leak into the chamber. From this point, the vacuum furnace was evacuated to very low

pressures using a roughing pump attached to the furnace and, subsequently, the furnace

ramping process was engaged. Gases released during the burnout process were absorbed

into the vacuum pump oil. When the furnace cooled down, the process chamber was back

filled to 760 Torr with argon gas before opening the furnace. Due to the tendency of the

pump oil to absorb a high volume of volatiles which were off-gassed, the oil needed to be

changed after every 2-3 furnace runs.

3.4 Part Design

Cube of one inch side dimension with a tab to place the infiltrant was designed using the

Solidworks package [67]. A divider was placed on the tab portion to prevent direct

contact of infiltrant with the cube portion of the part. Design file of this part, as shown in

Figure 3.8, was saved in STL format and used to build the green parts.

The dimensions of the green part were observed to be greater than the design dimensions.

This growth was taken care in the later stages of post-processing when the part shrinkage

was observed.
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Figure 3.7: High temperature vacuum furnace used for post processing SLSed tool steel green

parts.
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3.5 Green Part Generation

Selective Laser Sintered parts were manufactured using a DTM 2000 Sinterstation with a

50 W capacity and a CO2 continuous laser. Nitrogen atmosphere was maintained in the

chamber to reduce the oxygen percentage to less than 0.1%. This was to prevent

oxidation of the powder during laser sintering. The part bed was preheated to 105oC and

the feed bins were kept at 60oC. Too low of a part bed temperature or feed bin

temperature may cause shifting of layers of the part. This was due to when each powder

layer was laser sintered selectively, the surrounding loose powder, which was at a low

temperature, causes chilling effect resulting in contraction of the fused powder. To avoid

shifting or curling in the sintered layers, the sintering parameters used were: 30W laser

power, 0.1 mm (0.004 in) scan spacing, scan speed of 1525 mm/s (60 in/s), layer

thickness of 0.07 mm (0.003 in), and roller speed of 127 mm/s (5 in/s).
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The dimensions of the green part were measured to determine its volume. Density

of the green part was then obtained from the ratio of its weight to the measured volume.

Once the part was post processed to a higher density, the tab was cut and the cube was

tested for geometry, density, microstructure and hardness. To test the flexural strength of

the infiltrated indirect SLSed parts, the part design was modified as per ASTM B 925

[68] as shown in the Figure 3.9.

Figure 3.9: Design of the part to measure the flexural strength of SLSed and infiltrated ferrous

parts. Dimensions are in mm.
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3.5.1 Green Part Excavation

Another major challenge in SLS part manufacture was excavating the sintered part from

the part bed. The part cake column created in the part bed of the machine was highly

dense. But due to thermal conductivity of the powder, the surrounding “loose” powder

contained in the cake was also weakly sintered. Hence, while digging in for the green

parts, small geometries and sharp corners resulted in many fragile edges which were

easily broken while the component was still in the green part stage. Hence utmost care

had to be deployed during excavating and cleaning the green part.

3.6 Post Processing

Once the density of the green parts was obtained, the parts were then post processed in a

high temperature vacuum furnace, shown in Figure 3.7. During post processing, green

parts were heated to drive off the binder and to further sinter them either to full density or

to a desired density followed by infiltration with cast iron.

3.6.1 Binder burnout and Pre-densification

Indirect SLSed tool steel green parts were buried in alumina and placed in a vacuum

furnace to burn out the binder and pre-densify the parts. Parts were heated at 90oC/hr to a

temperature of 750oC to burn out the binder and then at a rate of 100oC/hr to the pre-

sintering temperature, held at that temperature for certain time followed by furnace

cooling. The controller on the furnace was programmed according to the temperatures

and ramp rates needed while heating and cooling the parts. The theoretical relative
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density of the brown parts, predicted from the calculated densification map (Figure 2.4),

was used to guide the selection of the pre-densification time and temperature.

3.6.2 Infiltration

In order to increase the density of the part and enhance the final properties, brown parts

were infiltrated with ASTM A532 white cast iron. The weight of cast iron needed for

infiltration was determined from the relative density of the brown part. The tab on the

brown part was carefully cleaned to remove residual alumina powder, and cast iron

chunks were placed for infiltration. The assembly was buried in alumina and placed in

the high temperature vacuum furnace for infiltration. Infiltration of brown parts with

different relative densities was carried out at different temperatures ranging between

1190oC and 1310oC. Parts were heated at 100oC/hr, held at the pre-selected infiltration

temperature for 50 min and were furnace cooled to room temperature.

Figure 3.10: Furnace cycle for (a) binder burn out and pre-densification and for (b) infiltration
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3.7 Final Part Characterization

Various infiltrated parts were obtained by infiltrating brown parts with different initial

relative densities at various infiltration temperatures. Visual inspection of the parts was

undertaken to assess any distortion in the part geometry, such as warping, melting of the

part and part leaning. The geometry of these parts was correlated with the predictive

model shown in the Figure 2.5 with respect to the relative density of brown part and

infiltration temperature. The final infiltrated parts were machined to remove the tab

portion for further characterization.

3.7.1 Density determination

Density of green parts, brown parts and infiltrated parts was determined from the ratio of

the part weight to the volume calculated from its dimensions. Once the density of the part

was known, its relative density was calculated from the ratio of the measured density to

the theoretical density of the fully dense part. As per 3D System material guide,

theoretical density of fully dense Laserformtm A6 material was taken to be 7.8 g/cc.

Density was not determined for infiltrated parts with distorted geometries.
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3.7.2 Microscopy

Microstructural analysis was carried out on infiltrated parts to get an insight into the

effect of infiltration and the amount of porosity present in these parts. The

microstructures of the infiltrated parts were obtained using optical and scanning electron

microscopy. Selected parts were fine polished and etched with 2% nital for 20 seconds to

obtain the microstructure.

3.7.3 EDS-Element maps

During the process of infiltration, all the elements, particularly carbon, interdiffuse from

the cast iron into tool steel and vice versa. To analyze the diffusion and segregation of

these elements in the final infiltrated parts, Electron Dispersive Spectroscopy was

performed and element maps were obtained. A JEOL JSM 5610 SEM was used for this

purpose.

3.7.4 Hardness measurements

Rockwell hardness of the final parts, obtained from infiltrating brown parts with different

densities at various temperatures, was determined. The surface of the parts was polished

to 1µm and indented with a Brale indentor. A preload of 10 kg was applied followed by a

150 kg force. Hardness was measured at random points on the part to test for a consistent

value.

From the Rockwell hardness value obtained, the equivalent Brinell hardness value

(BHN) was estimated [69].



47

Wilson Tukon Hardness Tester, Model 2100 was used to measure the Knoops

micro hardness of these parts at 500gf load and an equivalent Rockwell hardness value

was determined.

3.7.5 Flexural strength

To measure the flexural strength or transverse rupture strength (TRS) of the final

infiltrated parts, the part design was modified according to ASTM B925 as shown in the

Figure 3.9. After the tab portion was machined, the part was fine polished to 1µm on all

surfaces and tested under three-point bending [70]. An MTS ReNew machine with 100

KN Instron load cell was used for three-point bend testing the part. TRS of the part was

obtained from the peak load using the formula

TRS = (3×P×L)/(2×t2×w) (3.2)

where:

P = force required to rupture the specimen, lbf (N),

L = length of specimen span relative to fixture 1.000 inch (25.4 mm),

w = width of the specimen, in. (mm) = 0.5 inches (12.7mm)

t = thickness of specimen, in. (mm) = 0.25±0.005 inches (6.35±0.13mm)
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Chapter 4

RESULTS AND DISCUSSION

Various infiltrated parts were obtained from infiltrating brown parts with different initial

relative densities at various infiltration temperatures. The geometry of the resulting parts

was discussed and correlated with the predictive model (Figure 2.5) in the following

sections. The final parts were also characterized for microstructure and mechanical

properties.

4.1 Part Geometry and Density Determination

Four specimens representing a spread of brown part density and infiltration temperature

are shown in Figure 4.1 – 4.4, identified by the capital letters A to D. The detailed

processing information is tabulated in Table 2. The average relative density of the green

parts removed from the sintering machine was 0.48. Specimen A was a green part which

was pre-densified in vacuum at a temperature of 1260oC for 5 hr, increasing the relative

density to 0.62.  It was then infiltrated with cast iron at 1190oC. The final infiltrated part

is shown in Figure 4.1. The relative density of the cube portion of this part was 0.8. The

relative density of the cube portion of Specimen B shown in Figure 4.2 was 0.92.

Sintering Specimen B, as a green part, at 1260oC for 10 hours increased its relative

density from 0.48 to 0.66 (brown part). Infiltrating the brown part with the desired

amount of cast iron resulted in a final infiltrated part with relative density of 0.92
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These parts showed no discernable distortion although full density was not

obtained. This may be due to the presence of oxide at the interface between the preform

and the infiltrant. Alternatively, a thermal effect may be active at higher infiltration

temperatures, decreasing the viscosity of infiltrant or increasing the extent of melting

which in turn results in an increase in density of the infiltrated parts. Specimen C shown

in Figure 4.3 had a crack near the tab portion and also had a distorted shape, whereas

overmelting of Specimen D was observed in the part shown in Figure 4.4.

Table 2: Relative density and processing details of resultant infiltrated parts

Specimen Green
Density
(Relative)

Vacuum pre-
sintering time
& temperature

Brown part
relative
density

Infiltration
temperature*

Final
density
(Relative)

Figure
showing
final part

A 0.48 5 hr at 1260oC 0.62 1190oC 0.8 4.1

B 0.48
10 hr at
1260oC

0.66 1250oC 0.92 4.2

C 0.48
10 hr at
1210oC

0.64 1280oC NA 4.3

D 0.46 3 hr at 1130oC 0.52 1310oC NA 4.4

 Isothermal hold for 50 min.
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Figure 4.2: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.48 to 0.66

by heating to 1260oC for 10 hr and then infiltrated at 1250oC (Specimen B). The resultant

relative density of the cube portion of infiltrated part was 0.92. The initial green part was 25 mm

in height.

Figure 4.1: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.48 to 0.62

by heating to 1260oC for 5 hr and then infiltrated at 1190oC (Specimen A). The resultant relative

density of the cube portion of the infiltrated part was 0.8. The initial green part was 25 mm in

height.
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Figure 4.3: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.48 to 0.64

by heating to 1200oC for 10 hr and then infiltrated at 1280oC (Specimen C). Melting of tool steel

and distortion of the specimen is observed. The initial green part was 25 mm in height.

Figure 4.4: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.46 to 0.52

by heating to 1100oC for 3 hr and then infiltrated at 1310oC (Specimen D). Melting of the tool

steel and cast iron is observed, distorting the final part. The initial green part was 25 mm in

height.
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4.1.1 Infiltrated Parts to Determine Flexural Strength

To determine flexural strength of the infiltrated parts, the part design was modified as

shown in Figure 3.9. The SLSed green specimens represented by letters P to V were

sintered and infiltrated at various temperatures. After infiltration, the tab portion was cut

and the density of the final part was measured. Details of sintering and infiltration

temperatures and the corresponding brown and final relative densities of the specimens

are listed in Table-3. The final infiltrated specimens are shown in Figures 4.5 to 4.10,

respectively. No significant infiltration was observed in Specimen P. This may be due to

the low infiltration temperature resulting in increased viscosity of the infiltrant or due to

the residual fine alumina powder present on the tabs or due to the presence of any oxide

layer at the interface between tool steel preform and infiltrant.  Infiltration into the

specimens was more efficient at higher temperatures as the viscosity of infiltrant

decreases with increase in temperature. Selection of high infiltration temperature, around

1310oC, actually resulted in melting and distortion of Specimen U, shown in Figure 4.9.

Selection of infiltration temperature for a given composition and starting brown density

to achieve a final part of acceptable geometry was discussed in relevance to the predictive

model (Figure 2.5) in Section 4.3.
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Table 3: Sintering temperature, infiltration temperature and relative density of the ferrous parts at

various stages

Specimen
Green part

Density
(Relative)

Vacuum Pre-
sintering time
& Temperature

Brown part
Relative
Density

Infiltration
Temperature*

Final part
Relative
Density

Figure
showing
final part

P 0.468 3hr at 1230oC 0.65 1200oC 0.796 4.5

Q 0.477 10hr at 1100oC 0.53 1200oC 0.857 -

R 0.47 3hr at 1230oC 0.65 1250oC 0.9 4.6

S 0.48 10hr at 1150oC 0.6 1225oC 0.91 4.7

T 0.49 12hr at 1200oC 0.73 1250oC 0.95 4.8

U 0.478 7 hr at 1280oC 0.74 1310oC 0.98 4.9

V 0.47 1hr at 1300oC 0.82 1275oC 0.99 4.10

 Isothermal hold for 50min

Figure 4.5: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.468 to

0.65 by heating to 1230oC for 3hr and then infiltrated at 1200oC (Specimen P). The resultant

relative density of the infiltrated part (after the tab was cut) was 0.796. Design dimensions of

the part are shown in Figure 3.9.
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Figure 4.6: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.47 to 0.65

by heating to 1230oC for 3hr and then infiltrated at 1250oC (Specimen R). The resultant relative

density of the infiltrated part (after the tab was cut) was 0.9. Design dimensions of the part are

shown in Figure 3.9.

.

Figure 4.7: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.48 to 0.6

by heating to 1150oC for 10hr and then infiltrated at 1225oC (Specimen S). The resultant

relative density of the infiltrated part (after the tab was cut) was 0.91. Design dimensions of the

part are shown in Figure 3.9.
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Figure 4.6: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.47 to 0.65
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Figure 4.7: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.48 to 0.6

by heating to 1150oC for 10hr and then infiltrated at 1225oC (Specimen S). The resultant

relative density of the infiltrated part (after the tab was cut) was 0.91. Design dimensions of the

part are shown in Figure 3.9.
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Figure 4.9: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.478 to 0.74

by heating to 1280oC for 7hr and then infiltrated at 1310oC (Specimen U). Melting of the tool

steel and cast iron is observed, distorting the final part. Design dimensions of the part are shown

in Figure 3.9.

Figure 4.8: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.49 to

0.73 by heating to 1200oC for 12hr and then infiltrated at 1250oC (Specimen T). The resultant

relative density of the infiltrated part (after the tab was cut) was 0.95. Design dimensions of the

part are shown in Figure 3.9.
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4.2 Correlation to Ashby Plot

Presintering of SLSed tool steel parts in a vacuum furnace was performed to burn off the

binder and to increase the relative density of the green preform. The selection of sintering

temperature and sintering time was guided by an Ashby densification plot shown in

Figure 2.4. The final brown densities of various parts obtained by sintering the SLS green

parts were plotted on the Ashby plot as shown in the Figure 4.11.

Figure 4.10: SLSed Laserformtm tool steel part pre-sintered from a relative density of 0.47 to

0.82 by heating to 1300oC for 1hr and then infiltrated at 1275oC (Specimen V). The resultant

relative density of the infiltrated part (after the tab was cut) was 0.99. Design dimensions of the

part are shown in Figure 3.9.
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Figure 4.11: Various points on this plot represent the actual brown density of the part when

sintered at a given temperature and time. Points A, B, C and D represent the relative brown

density of the respective parts in agreement with the predicted values and points S and Q

represent actual relative brown density of the parts, but deviating from the predicted values.

From the Figure 4.11, the resulting brown density correlated well with the

predicted density from Ashby plots. In case of specimens P to V, the observed density

was less than the predicted density when sintering temperature was 1100oC, whereas it

was more than the predicted density for temperatures above 1275oC.
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4.3 Predictive Model Validation

From Table 4.1 and 4.2, the selection of infiltration parameters (infiltration temperature

and starting brown part density, for a given composition) from Region I of the predictive

model (Figure 2.5) resulted in final parts with acceptable geometry whereas that from

Region II overmelted the parts, resulting in distorted part geometry. Considering sample

A, the equilibrium solid fraction of the part (~0.9) was greater than the solid fraction of

the part prior to infiltration (0.62). At the infiltration temperature, when the molten cast

iron came into contact with the solid tool steel, elemental diffusion was initiated.  As

compositional equilibrium was approached, in this instance the initial liquid phase

partially solidified, increasing the overall solid fraction from 0.62 to 0.9.  As the brown

part remained solid through this transition, no geometrical compromise occurred, and the

part remained structurally intact.  A similar explanation holds for sample B.  The change

in solid fraction at the infiltration temperature was 0.66 to ~0.7.  The position of the

process point for specimen B in Figure 4.12 was closer to the dotted line separating

Regions I and II than the process point for specimen A.  This was consistent with the

smaller increase in solid fraction due to infiltration.

Specimens C and D are representative of samples processed in Region II of the

predictive model Figure 2.5. These parts were predictably distorted and overmelted. In the

case of specimen C and at the infiltration temperature, the molten cast iron infiltrated and

contacted sintered tool steel particulate which had a starting solid density of 0.64. As

compositional equilibrium was approached, diffusion of carbon into the tool steel increased
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total carbon content of the part to a point where melting was initiated since carbon lowers

the melting temperature.  The tool steel partially melted, coming to a final equilibrium of

~0.5, consistent with the model. As the part structural integrity was defined by the rigidity

of the pre-sintered tool steel, this melting represented a compromise that can result in loss

of geometric accuracy. An extreme case was specimen D which was severely distorted

(Figure 4.4).  According to the model, this specimen should have completely melted.

The predictive model was further validated by plotting the processing parameters for

the specimens P, Q, R, T, U and V as shown in Figure 4.12. It can be noted that the

specimen C with brown density 0.64 when infiltrated at 1280oC resulted a final part with

distorted geometry where as specimen R with a brown density of 0.65, when infiltrated at

1250oC resulted in a final part with acceptable geometry. Similarly specimen V with brown

part density 0.82 also resulted in a final part with acceptable geometry when infiltrated at

1275oC. Therefore selection of infiltration temperature from Region I of the predictive

model for a known density of the brown part resulted in final infiltrated parts with

acceptable geometry. This may be due to the presence of greater solid fraction at

equilibrium with the selected infiltration parameters.
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Figure 4.12: Model predicting the equilibrium solid fraction as a function of infiltration

temperature for different initial densities of brown part. The data points marked on the plot

represent various infiltrated parts. The points marked in Region I were the final parts with

apparently acceptable geometry, where the points marked in Region II were the parts that

exhibited melting and distortion; the details are discussed in the text.
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4.4 Final Part Characterization

4.4.1 Microstructure

Microstructural analysis was carried out to get an insight into the effect of infiltration on

laser sintered parts and the amount of porosity present in these parts. The tab portion of

the selected infiltrated specimen (specimen A) was cut and polished. The polished

specimen was etched with 2% nital for 20 seconds. Figure 4.13 represents the micrograph

of an unetched specimen. A fine network of cementite was observed to surround the prior

formed austenite grains.

Figure 4.14 and 4.15 represent the optical micrographs of an etched region at

100x and 200x magnifications respectively. These micrographs indicate acicular

martensite in the microstructure. Similar microstructure was observed from the

micrographs of the specimen obtained at varying distances from the tab and also from the

micrographs of other infiltrated samples with varying densities.

Considerable porosity in the component with relative density 0.8 was evident

from the micrographs shown in Figure 4.13 to Figure 4.15. The presence of martensite

imparts hardness to the component, while porosity decreases it significantly.



62

Figure 4.13: Presence of porosity can be observed from the micrograph (50x) of an unetched

component with ∆ = 0.8 (Specimen A).

Figure 4.14: The microstructure (10x) of an infiltrated component with ∆=0.8 indicating the
presence of porosity and martensite (Specimen A).
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Figure 4.15: The presence of acicular martensite evident from the microstructure (200x) of an

infiltrated component with ∆=0.8 (Specimen A).

4.4.2 Element Maps

During infiltration, alloying elements diffuse from cast iron into tool steel and visa versa.

To assess the distribution and segregation of selected elements, element maps were

obtained by performing EDS on a polished and unetched area in the middle of specimen

B after infiltration. The back scattered electron (BSE) image of the specimen which

shows the contrast between the areas of different composition is shown in Figure 4.16a.

Element maps were obtained from the area of microstructure indicated by a box in this

image. Figures 4.16b-d indicate the distribution of elements carbon, nickel and silicon,

respectively. The microstructure is typified by three identifiable sections.  The matrix

phase appears to be homogeneous and free from distinct areas identifiable as tool steel or

cast iron. Dark regions represent porosity. The light contrasting particulate is a silicon-
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rich complex compound, evident from element scan for silicon shown in Figure 4.16d.

Carbon and nickel represented fast- and slow-diffusing elements in steel. From Figures

4.16b and 4.16c, elements carbon and nickel appear to be homogeneously distributed

throughout the matrix structure.

(a)

Figure 4.16: (a) Back Scattered Electron image of a polished central section of Specimen B. The

box defines the area from which element maps were obtained for (b) carbon, (c) nickel and (d)

silicon.

(b) (c) (d)
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Even though the uniform distribution of carbon in the ferrous matrix cannot be

verified from its elemental map, due to the detection limit of EDS, the elemental map of

the slowest diffusing element, nickel, confirms its uniformity. From this, one might

conclude that carbon was uniformly diffused as well.

The back scattered image of the microstructure taken at a higher magnification

was shown in Figure 4.17a. Element maps indicating the distribution of the elements

carbon, iron and tungsten were obtained from the area represented in a box. Figures

4.17b-d represent the element maps for carbon, iron and tungsten, respectively.

Homogeneous matrix, free from distinct areas identifiable as tool steel or cast iron can be

observed. A uniform distribution of carbon in the microstructure can be observed from

Figure 4.17b.  Figures 4.17c and 4.17d indicate the bright area in the image is lean in iron

and rich in tungsten. This phase is thought to be tungsten carbide.
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(a)

Figure 4.17: (a) Back scattered electron image of a polished section of specimen B. The box

defines the area from which element maps were obtained for (b) carbon, (c) iron and (d) tungsten

4.4.3 Elemental diffusion

During infiltration, various alloying elements tend to diffuse between the cast iron and

tool steel, thereby homogenizing the part compositionally. The model and subsequent

analysis relied on achieving complete compositional equilibrium during infiltration.

While the EDS element maps in Figure 4.16 and Figure 4.17 indicated uniformity of

(b) (c) (d)
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several elements over distances well in excess of the tool steel particle size, an

independent consideration of the atomic transport of selected elements was warranted.

Carbon was selected for its obvious pivotal role in defining the melting point of the

ferrous material, the basis for the model.  Nickel was also selected as a limiting case since

it represents a slow diffusing atom in iron.  The most sluggish atomic transport path was

solid-state diffusion of elements from the melt to the center of tool steel particles, for the

present study approximately 15 µm, more than the radius of the average tool steel particle

(30 µm).  Using specimen B processing information, since this was the basis for the EDS

observations in Figure 4.16 and Figure 4.17, the extent of elemental diffusion based on a

50-minute hold at the infiltration temperature was estimated based on the approximation

that an element diffuses in a solid a distance approximately equal to Dt2 where D is

the thermally activated diffusivity ( = (− ⁄ )) and t is time at temperature T.

Table 4: Diffusion of carbon and nickel in austenitic iron at 1250oC for 50 minutes

Element Do,
cm2/s

Q,
kcal/mol

Reference Diffusion
Distance

C 0.15 32 Kovenskiy, 1963 [71] 1.5 mm
Ni 2.11 73.5 Mac Ewan et al., 1959 [72] 6 µm

Diffusivity information and the diffusion distance for fast-diffusing carbon and

slow-diffusing nickel in austenitic iron at 1250oC for 50 min. were listed in Table 4. It

can be observed that carbon atoms diffused approximately 1.5 mm and nickel atoms

travelled a distance of 6 µm during the thermal hold. These elements were also thermally

active during the 100oC/hr heating and slow furnace cooling.  It was estimated for the
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present infiltration thermal excursion (heating/hold/cooling) elements diffused

approximately a total of three times the isothermal hold distance reported in Table 4 [73,

74].  This yielded diffusion distances of 4.5 mm and 18 µm for carbon and nickel,

respectively.  Since the maximum diffusion distance required for complete compositional

homogeneity was the tool steel particle radius, approximately 15 µm, these results imply

that compositional equilibrium was attained, consistent with the EDS observations.

4.4.4 Hardness

The final infiltrated parts were polished and Rockwell hardness was measured.

Equivalent Brinell hardness (ASTM E140) of the sample was obtained from the

Rockwell hardness values and approximate ultimate tensile strength of the sample was

estimated using Equation 3.1 (Section 3.6.4). Rockwell hardness, equivalent Brinell

hardness and UTS of the final infiltrated samples with different relative densities were

listed in Table 5. By approaching higher densities for the infiltrated components, it could

be possible to achieve higher hardness comparable to that of ASTM A532 white cast iron

(53HRC, ASTM Standard). It can be noted that the presence of martensite and tungsten

carbide in the final infiltrated components increased the hardness of the component while

porosity decreased it significantly.
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Table 5: Rockwell hardness and equivalent Brinell hardness of final infiltrated samples with

different relative densities. (Number of observations = 15)

Specimen Part Description Rockwell
hardness

Equivalent
BHN

-
Un-infiltrated Tool steel
component (∆ = 0.97) 40HRC (SD* 3) 380

Infiltrated components

U ∆ = 0.98 47.8HRC (SD 1.8) 451

V ∆ = 0.99 45 HRC (SD 3) 421

B ∆ = 0.92 41HRC (SD 2.2) 381

S ∆ = 0.91 35.7HRC (SD 2.7) 336

Q ∆ = 0.86 31HRC (SD 4) 294

A ∆ = 0.8 57.3HRB (SD 3.1) 103

P ∆ = 0.79 28HRC (SD 2.5) 271

* Standard Deviation

The general dependence of strength on porosity is given by

σ = K σo (1- ε)m = K σo (∆)m (4.1)

where σ is the strength, K and m are constants [75, 76]. The relationship can generally be

applied to yield strength, tensile strength and three- or four point bend strength. The plot

shown in Figure 4.18 is based on Equation 4.1 and using the porosity and corresponding

BHN values observed for the parts (Table 5). From the plot it can be inferred that

hardness of the component varied with its relative density, in other words, the amount of

porosity. The linear relationship implied that the hardness increased exponentially with

relative density with an exponent of 1.6.
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Figure 4.18: Plot for hardness (BHN) values of infiltrated parts versus their relative density. The
linear relationship implies that hardness varied with relative density with an exponent of 1.6.

Due to the presence of high porosity, the infiltrated components were also tested

for micro hardness. Knoops hardness of these parts was measured using a load of 500gf.

In the region with high density of acicular martensite, the hardness was observed to be

616KHN which was equivalent to 54HRC and the hardness at other region was found to

range from 436-500 KHN , equivalent to 43-47.2 HRC. The high hardness value in the

later region can be attributed to the presence of tungsten carbide and bainite in the

microstructure (Figures 4.14, 4.17).  It can be noted that the Knoops hardness values were

comparable to the Rockwell hardness of the final infiltrated parts listed in Table 5.

BHN = 408(Δ)1.6
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4.4.5 Flexural Strength of Infiltrated Parts

Specimens P to V shown in Figures 4.5 to 4.10 were used to measure the transverse

rupture strength (TRS). The tab portion of these specimens was cut and the specimens

were polished to 1 µm avoid the presence of any surface irregularities. These polished

parts were then tested in three point bending using MTS ReNewtm MODEL 1125. TRS of

the specimens, determined by measuring the peak load on the sample and using the

Equation 3.2 (Section 3.6.5), was listed in Table 6.

Figure 4.19: Optical micrograph showing the indentation to determine Knoop Hardness of the

component.

71

4.4.5 Flexural Strength of Infiltrated Parts

Specimens P to V shown in Figures 4.5 to 4.10 were used to measure the transverse

rupture strength (TRS). The tab portion of these specimens was cut and the specimens

were polished to 1 µm avoid the presence of any surface irregularities. These polished

parts were then tested in three point bending using MTS ReNewtm MODEL 1125. TRS of

the specimens, determined by measuring the peak load on the sample and using the

Equation 3.2 (Section 3.6.5), was listed in Table 6.

Figure 4.19: Optical micrograph showing the indentation to determine Knoop Hardness of the

component.

71

4.4.5 Flexural Strength of Infiltrated Parts

Specimens P to V shown in Figures 4.5 to 4.10 were used to measure the transverse

rupture strength (TRS). The tab portion of these specimens was cut and the specimens

were polished to 1 µm avoid the presence of any surface irregularities. These polished

parts were then tested in three point bending using MTS ReNewtm MODEL 1125. TRS of

the specimens, determined by measuring the peak load on the sample and using the

Equation 3.2 (Section 3.6.5), was listed in Table 6.

Figure 4.19: Optical micrograph showing the indentation to determine Knoop Hardness of the

component.



72

Table 6: Transverse rupture strength of final infiltrated parts with varying relative densities

Specimen
Identity

Relative density of
final part

Transverse Rupture
Strength (MPa)

P 0.796 818.0

Q 0.857 849.6

R 0.9 525.47

S 0.91 970.42

T 0.95 1084.5

U 0.98 864.3

V 0.99 1050.36

TRS of the specimens with varying relative densities were listed in the Table 6.

The variation in transverse rupture strength of the part with its relative density was

plotted in the Figure 4.20 shown below. It can be observed that the transverse rupture

strength of component increased with the decreasing porosity. The low values of TRS

indicated that even the presence of 1% porosity can considerably decrease the strength of

components.
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Figure 4.20: Plot representing transverse rupture strength (TRS) with respect to varying final

density of the specimens. The linear relationship implies that hardness varied with relative density

with an exponent of 1.1

4.5 Discussion

The results above indicated that selection of infiltration parameters from Region I of the

predictive model can result in fully ferrous components with acceptable part geometry

and thus validating the model. Selection of infiltration temperature from Region I of the

predictive model for a known starting brown density resulted in a greater solid fraction at

equilibrium during infiltration and hence final parts with acceptable geometry. From

Tables 2 and 3, it can be noted that the density of the infiltrated parts increased with the

TRS = 955(Δ)1.1
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temperature of infiltration which may be due to decreased viscosity of the infiltrant at

high temperatures.

These parts were tested for microstructure and mechanical properties. The high

hardness of these parts was due to the presence of martensite, which was evident from the

microstructure. Elemental maps indicate homogeneous distribution of the elements in the

matrix

Results from experimentation also indicated that predictive models may be

constructed for different ferrous and non-ferrous alloy compositions of SLS preform and

infiltrant, and experimentation can be repeated to validate these models. The

methodology may also be tested by first choosing the product composition for a featured

application and working back to determine the required matrix and infiltrant

compositions. The predictive model can also be further refined by considering infiltration

with excess infiltrant.
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Chapter -5

SUMMARY AND SUGGESTIONS FOR FUTURE WORK

5.1 Summary

Rapid prototyping of complex shapes from metal powders using polymer sintering

machine can be accomplished by indirect selective laser sintering of metal followed by

desired metal infiltration of the sintered preform. Commercially available steel for

indirect SLS (LaserFormtm A6 tool steel) is normally post-process infiltrated with a

copper-based material. The conventional process has been modified by substituting

copper alloy infiltrant with a low-melting-point cast iron to obtain final parts with greater

strength and hardness at a relatively higher temperature. The process developed through

this research consists of five steps: developing a predictive model to guide successful

infiltration, indirect SLS of tool steel powder to obtain a porous preform, binder burnout

and pre-densification of the preform in a vacuum furnace, vacuum infiltration of the

sintered preform with cast iron and validating the model.

During infiltration tool steel preforms with cast iron, all alloying elements,

particularly carbon, interdiffuse between tool steel and cast iron. As carbon composition

of tool steel increases, its melting point decreases, resulting in melting of the preform and

loss of final part geometry. To achieve successful infiltration and to preserve final part

geometry, it was hypothesized that the equilibrium state at the infiltration temperature is a
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mixture of solid tool steel and liquid cast iron. Various processing parameters affecting

the equilibrium during infiltration such as brown part relative density, composition of

preform and infiltrant materials, and infiltration temperature, were identified. A

predictive model, defining the degree of success for infiltration based on final part

geometry, was constructed using these parameters. Two different regions were identified

in the predictive model, Region I, in which the equilibrium solid fraction was greater than

the solid fraction of the SLS part prior to infiltration and Region II, in which the

equilibrium solid fraction was less than the solid fraction of the SLS part prior to

infiltration. Hence, infiltrating a brown part with a known relative density at a

temperature selected from the Region I of the predictive model was expected to result in

a final infiltrated part with acceptable geometry.

Cubes with desired dimensions were designed using Solidworks and were saved

in STL format. These STL files were used to build the parts on a sinterstation. A

Sinterstation 2000 supplied by DTM Corporation station with a 50 W capacity and a CO2

continuous laser was used to build the green parts using Laserformtm A6 tool steel

powder supplied by 3D Systems (3D Systems Website; Material Guide - 3D Systems,

2007). The Laserformtm was coated with a proprietary polymer binder that melts and

fuses the powder particles when laser beam strikes it. In order to ensure optimum binding

of powder particles and hence better green strength of the SLSed parts, the powder was

sintered at a bed temperature of 105oC and at a laser power of 30W.
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Parts produced from the sinterstation were porous with a green density

(relative) of approximately 0.48. They were post processed in a high temperature vacuum

furnace to burn out the binder and to increase the density. The green part was covered in

alumina and placed in the furnace to prevent it from falling apart during binder burnout.

Ashby plots were used to guide the selection of sintering temperature and sintering time.

Brown parts were then cleaned and the density was measured. Later these parts were

infiltrated with ASTM A532 Class I, Type C martensitic white cast iron (ASTM, 2003)

supplied by Clarksville Foundry, Inc., Clarksville, Tennessee. Weight of the infiltrant

needed was calculated from the density of brown part.

Various infiltrated parts were obtained by infiltrating brown parts with different

relative densities and at different infiltration temperatures and these parts were then

correlated with the predictive model.

It was observed that the results were consistent with the predictions from the

model constructed for infiltration. Selection of infiltration parameters from Region I of

the predictive model resulted in the final parts with acceptable geometry where as

distortion and melting of the parts was observed when the infiltration parameters were

selected from Region II of the predictive model. Hence, to ensure production of an

infiltrated part with acceptable geometry, it is critical to set the infiltration temperature

such that the solid fraction at equilibrium, Xe does not fall below the solid fraction of the

SLS part prior to infiltration.
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The final parts were also observed for any segregation of the elements like

carbon, silicon, nickel, and iron.  Elemental maps obtained from the parts indicated

homogeneous distribution of these elements. Presence of acicular martensite surrounded

by a fine network of cementite was observed in the microstructure and imparted high

hardness to these parts. The hardness of these parts was found to depend on the amount

of porosity, approaching a higher value, comparable to that of ASTM A532 white cast

iron, at higher densities. A similar trend was observed with the flexural strength of these

parts. Flexural strength of the parts increased with decreasing porosity. Presence of even

1% porosity decreased the flexural strength of the infiltrated parts considerably.

In summary, this research presents a viable methodology employing indirect SLS to

produce fully ferrous components using a polymer sintering machine. A predictive model

for successful infiltration of cast iron into SLS tool steel parts was developed and tested

based on various processing parameters. It was shown that final part density and geometry

were consistent with the predictive model, and that fully ferrous components can be

obtained by proper selection of the infiltration temperature for a given brown part relative

density. In some cases, diffusion of carbon from cast iron into SLSed tool steel parts during

infiltration resulted in melting of the preform and distortion of the final infiltrated parts.

5.2 Suggestions for Future Work

The predictive model can be further refined by considering the effect of alloying

elements on the equilibrium state during infiltration of steel performs with cast iron. In

current research full density of the final infiltrated parts was not obtained. It was
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speculated that the reason may be due to the presence of oxide at the interface between

the preform and the infiltrant. Alternatively, a thermal effect may be active at higher

infiltration temperatures, decreasing the viscosity of infiltrant or increasing the extent of

melting which in turn results in an increase in density of the infiltrated parts. Further

research needs to be conducted to establish the reason for residual porosity.

The predictive models can also be tested for infiltration with excess infiltrant.

These models may be constructed for different ferrous and non-ferrous alloy

compositions of SLS preform and infiltrant, and experimentation can be repeated to

validate the models. The methodology can also be tested by first choosing the product

composition for a featured application and working back to determine the required matrix

and infiltrant compositions.



80

APPENDIX I

Equation 2.2 is given by
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Considering iron-carbon phase equilibrium diagram as shown in Figure 2.1 and assuming

line equations for solidus and liquidus lines (i.e., for CS and CL)

CS = (T-b)*m

Where b = 1529oC and m = -177.735C

CL = ao(T-To)a1+a2

Where ao = -10-5C-2, To = 793oC, a1 = 2 and a2 = 5.55

Substituting for CS and CL in Equation 2.2, we notice that equilibrium solid fraction,

Xe = f(T, ∆)

Where T is the infiltration temperature and ∆ is relative density or solid fraction prior to

infiltration.
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