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ABSTRACT 

Hot-forged products are used in a variety of automotive applications such as crankshafts, 

connecting rods, and spindles.  Historically these automotive components were made from alloy 

steels which are quenched and tempered after forging.  Since the advent of microalloyed medium-

carbon steels in the 1960s, substantial cost-savings have been achieved over traditional quenched 

and tempered steels.  Direct-cooled microalloyed forging steels reduced costly alloying additions 

and post-forging processing with little sacrifice in strength and fatigue life.  Increased 

understanding of specific alloy addition interactions in direct-cooled microalloyed forging steels 

will allow compositions and processing to be further optimized. 

In this study, a medium-carbon vanadium microalloyed steel (38MnSiVS5) with three 

different Al levels (0.006, 0.020, and 0.031 wt pct) was used to examine the interaction of 

vanadium, aluminum, and nitrogen during the reheat cycle for forging.  The reheat cycle for 

forging was simulated using a Gleeble® 1500.  Heating and cooling profiles were held constant 

for all simulations varying hold time from 5 to 45 min and temperature from 1050 to 1250 °C.  

Specimens from thermal simulations as well as in the as-received condition were characterized 

using quantitative metallography, microhardness, tensile testing, single-hit compression testing, 

and quantitative chemical analysis of electrolytically extracted precipitates. 

The extent of precipitation strengthening was observed to be relatively constant for all 

aluminum levels in thermal simulations at and above 1150 °C for all hold times.  Average 

microhardness, pearlite fraction, and austenite grain size decreased with increasing aluminum 

content at the two lowest temperatures examined, 1050 and 1100 °C, for all hold times.  The 

amount of vanadium precipitated in the lowest aluminum alloy was very consistent, 

approximately 70 pct, for the thermal simulations examined.  The amount of vanadium 

precipitated was significantly decreased by increasing aluminum content.  The amount of 

aluminum precipitated was dependent on the thermal simulation.  From tensile tests of specific 

thermal simulations, the contribution of precipitation strengthening is on the order of 70 to 

150 MPa for all conditions tested except for one, the 45 min hold at 1100 °C.  The approximate 

volume fraction of vanadium carbonitride in the 45 min hold at 1100 °C thermal simulation for 

the low aluminum alloy is 8.7 to 9.0 x 10-4 and for the high aluminum alloy is 7.4 to 7.6 x 10-4. 
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CHAPTER 1 

INTRODUCTION 

Significant amounts of hot forged products are produced using direct-cooled 

microalloyed (MA) steels.  The products are commonly used as a lower-cost alternative to higher 

alloyed quenched and tempered (QT) steels.  The cost savings can be attributed to both a 

reduction in costly alloying additions and considerable reduction in post-forging processing.  

Typical applications of MA forging steels include automotive components such as crankshafts, 

connecting rods, spindles, and wheel hubs [1]. 

Microalloyed steels use small additions, often on the order of 0.1 wt pct or less, of 

alloying elements like vanadium (V), niobium (Nb), or titanium (Ti) to improve mechanical 

properties through grain size control and precipitation strengthening [1].  In forging steels, these 

microalloying additions are typically used to modify a medium-carbon (0.30 to 0.50 wt pct) 

ferrite-pearlite or bainitic steel to improve strength, fatigue resistance, and wear properties [2]. 

Grain refinement in MA steel is achieved by either solute drag or precipitating microalloy 

carbides and nitrides out of solution at high temperature to control austenite grain size (AGS) and 

morphology during processing [2].  The precipitation strengthening of MA steels can be 

significant, typically increasing strength by 50 to 200 MPa (7 to 30 ksi).  This increase in strength 

is achieved through precipitating very low volume fractions (typically 10-4 to 10-3) of very fine 

(typically <20 nm) incoherent precipitates [3]. 

The present study focuses on the influence of aluminum (Al) on V microalloying 

additions during the reheat cycle prior to forging.  Additions of Al can produce aluminum nitride 

(AlN) precipitates in austenite, which have been shown to be a strong austenite grain refiner 

through grain boundary pinning [1].  Vanadium additions contribute largely to precipitation 

strengthening through the formation of vanadium carbonitrides (V(C,N)) during the 

decomposition of austenite as well as within ferrite or pearlitic ferrite after transformation.  Since 

the precipitation of AlN and V(C,N) can occur simultaneously, a competition for nitrogen (N) can 

occur. This competition and its results are not completely understood.  Variations in forging 

parameters such as reheat temperature and holding time can influence the effectiveness of both 

AlN and V(C,N) precipitation.  Since forging reheat operations have almost completely 

transitioned from gas-fired furnaces to lower cost and more rapid induction heating; the time 

available for AlN dissolution during a typical forging sequence has decreased.  Thus, the 

dissolution kinetics of AlN in medium-carbon MA forging steels and the influence of undissolved 

AlN on subsequent precipitation of V(C,N) needs to be investigated.  The present research 
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intends to provide insight as to the influence of Al on V(C,N) precipitation strengthening during 

the reheat cycle prior to forging and whether or not Al provides positive benefits to microalloyed 

forging steels after control-cooling. 
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CHAPTER 2 

LITERATURE REVIEW 

Additions of V, Nb, and Ti to microalloyed (MA) forging steels are tailored, along with 

processing, to achieve specific performance requirements needed in the final application.  

Although each element behaves differently, in general, microalloying additions are used for grain 

size control, to influence recrystallization behavior, precipitation strengthen, and/or change ferrite 

nucleation behavior [4]. 

This chapter provides background regarding concepts and current research in MA forging 

steels that are relevant to the research presented in this thesis.  Specifically, the microalloying 

concepts and strengthening mechanisms employed in hot-forged direct-cooled MA steels are 

reviewed in addition to established structure-property relationships for the yield strength of 

medium-carbon ferrite-pearlite steel.  Throughout the review emphasis is placed on the influence 

of V and Al additions as well as their interaction.  Identification and quantification of the very 

fine precipitates formed in MA steels is also discussed. 

2.1 Microalloyed Forging Steels 

Direct-cooled MA forging steels were developed to reduce manufacturing costs by 

achieving as-forged mechanical properties close to those of quenched and tempered (QT) forging 

steels.  Figure 2.1 shows a schematic representation of the required processing for a QT steel as 

compared to a MA forging steel.  Quenched and tempered forging steels regularly require three to 

four additional processing steps after forging in contrast to control-cooled MA forging steels.   

 

  
(a) (b) 

Figure 2.1 Schematic representation of the typical processing for (a) quench and tempered 
forging steels and (b) microalloyed forging steels.  Schematics adapted from 
Naylor [5]. 
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The advent of MA forging steels reduces manufacturing costs by decreasing expensive 

alloy additions as well as the processing required to attain mechanical properties suitable for 

many applications [3, 5].  However, discretion needs to be practiced when substituting control-

cooled MA steels for QT alloy steels due to specific similarities and dissimilarities in 

performance [6].  Quenched and tempered alloy steels exhibit very similar fatigue performance as 

some MA steels with the same hardness while maintaining much higher impact toughness [1]. 

2.2 Solubility of Microalloying Elements 

A first approximation commonly used to understand how microalloying additions will 

influence the microstructure and properties of a particular steel is through the use of an 

appropriate equilibrium constant for the compound being investigated.  The inverse of the 

equilibrium constant is commonly referred to as the solubility product, ks, and is often expressed 

as a function of temperature in the form: 

 
][

]][[loglog 1010 KT

B
AXMK s −==  (2.1) 

where Ks is a product of the microalloying element, M, and the interstitial, X, in wt pct, A and B 

are constants, and T is the absolute temperature [4].    Table 2.1 provides solubility products for 

the microalloy compounds relevant to this study.  Figure 2.2 shows the solubility product of 

common microalloy carbides and nitrides, as well as AlN, as a function of temperature in 

austenite and in ferrite.   

 

Table 2.1 – Solubility products for V and Al compounds relevant to the present study [9]. 

Ferrite Austenite 
Compound 

A B A B 

VC0.75 4.24 7,050 4.45 6,560 

VN 3.90 9,720 2.86 7,770 

AlN 2.05 8,790 1.03 6,770 
 
 

From the plot V appears to have a much higher solubility in austenite than both Nb and 

Ti.  For this reason V additions are common in MA forging steels.  The increased solubility 

results in precipitation occurring at lower temperatures, producing finer precipitates and 

increasing processing flexibility [4].  Fine precipitates are an important factor in precipitation 

strengthening which is discussed later in the chapter.  Although microalloy carbides and nitrides 

rarely precipitate as stoichiometric compounds in commercial alloys due to mutual solubility; 
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solubility products of stoichiometric compounds still provide a reasonable first approximation in 

understanding precipitation behavior.  Typically, microalloying elements precipitate as complex 

carbonitrides which are N rich at high temperature and C rich at lower temperatures [3, 7, 8]. 

  
(a) (b) 

Figure 2.2 Solubility product versus temperature for (a) VC0.75, VN, and AlN as well as (b) 
NbC0.87, TiC, NbC, and TiN in austenite (>750 °C/1382 °F) and in ferrite 
(<750 °C/1382 °F).  Solubility products from Turkdogan [9]. 

2.3 Austenite Grain Size Control by Microalloying 

Austenite grain growth can be inhibited by one of two mechanisms when considering 

MA steels: solute drag and second phase particles [10].  Solute drag is the inhibition of grain 

boundary movement due to impurity segregation at the grain boundary.  This is typical of V and 

Nb bearing MA steels [11].  Finely dispersed second phase particles, such as AlN and microalloy 

carbonitrides, are very effective at inhibiting austenite grain growth.   

2.3.1 Pinning by Second Phase Particles 

As an austenite grain boundary advances past a particle, new grain boundary area must be 

created equivalent to the area occupied by the particle.  Figure 2.3 schematically shows this 

pinning phenomenon, which is often referred to as Zener drag.  The energy associated with the 

increase in grain boundary area creates a pinning force on the boundary and under some 

circumstances can effectively stop the grain from growing [1]. 

Zener derived an equation to describe the pinning force on a grain boundary assuming a 

spherical matrix grain, of which the boundary is traveling normal to a single spherical particle.  
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The Zener equation relates particle radius, r, and volume fraction, fv, to the matrix grain radius, R, 

and is: 

 
v

f

r
R

3

4
=  (2.2) 

The pinning force described by the Zener equation is the force required to stop an 

isolated spherical grain from shrinking.  The force for shrinking increases with decreasing grain 

size, thus requiring more or finer particles to pin smaller grains.  Often this equation is used as a 

method for determining an order of magnitude for the driving force of grain growth [10].  Figure 

2.4 shows an example of a vanadium nitride (VN) particle inhibiting the movement of a grain 

boundary. 

   

(a) (b) (c) 

Figure 2.3 Interaction between a particle and a grain boundary as (a) the boundary 
approaches the particle, (b) the boundary reaches the diametral position of the 
particle, and (c) the boundary is distorted by the particle.  Adapted from Gladman 
[10]. 

 

 

Figure 2.4 Vanadium nitride particle dragging a ferrite-ferrite grain boundary in a cold 
worked and recrystallized steel heated to 600°C (1112°F).  Transmission electron 
micrograph from Gladman [10]. 

 

Gladman has derived a similar equation describing the effects of particles on grain 

boundary mobility assuming a more realistic matrix grain geometry of a 14-sided polyhedra 

called a tetrakaidecahedron 

 
v

o f

r
Z

R 






 −=
3

4
1  (2.3) 

where the particle radius, r, volume fraction, fv, and size advantage factor Z describe the pinning 

force on a matrix grain of radius Ro.  The size advantage factor describes the advantage a growing 

grain has over other matrix grains, Z = R/Ro, where R is the radius of the growing grain and Ro is 

100 nm 
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the radius of the matrix grains.  If the growing grain has a size advantage over the matrix grains 

more than 4/3, then a real solution for Ro can be obtained [10].   

The effectiveness of a specific microalloy carbide or nitride on grain boundary pinning is 

a function of the compound’s solubility, alloy composition, and particle coarsening rate [1, 4].  

Figure 2.5 shows the influence of V, Al, Nb, and Ti additions to the grain coarsening 

characteristics of austenite.  The line labeled C-Mn indicates a plain carbon steel in which the 

austenite grain growth is not inhibited by second phase particles.  The plain carbon steel exhibits 

a progressive increase in austenite grain size with temperature while V, Al, and Nb exhibit a 

temperature range where an abnormal grain growth occurs.  Abnormal grain growth describes a 

phenomenon commonly observed in MA steels where only a few grains grow in a relatively 

stable matrix of fine grains.  Since only a few grains are growing, the distance between growing 

grains is large and therefore a high growth rate is maintained until abnormally growing grains 

encroach on one another, reducing the driving force for grain growth [10].  Interestingly, Ti forms 

a very stable nitride which can inhibit grain growth even to very high temperature which would 

be higher than typically used for hot forging operations. 

 

Figure 2.5 Effect of microalloying additions on grain coarsening of austenite.  Plot adapted 
from Krauss [1]. 

Grain coarsening characteristics in MA steels are closely related to the Ostwald ripening 

effect.  The Ostwald ripening effect describes a situation where some particles grow, typically the 

larger particles, at the expense of other particles which decrease in size until they are completely 

dissolved [10].  Therefore, Ostwald ripening can dramatically influence the pinning force of a 

grain boundary by a particle by both increasing the mean size.  
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2.3.2 Aluminum Nitride Effects 

Aluminum nitride can precipitate in steel as a metastable nitride with an NaCl structure; 

however, reportedly it does not form intragranularly which diminishes greatly its ability to 

precipitation strengthen [12, 13].  The equilibrium structure of AlN is a hexagonal (B4) crystal 

structure [14] which typically nucleates heterogeneously at grain boundaries and on inclusions, 

specifically manganese sulfides (MnS) [15-18]. 

Typically the Al and N levels are such in MA forging steels that precipitation occurs in 

austenite during cooling.  This precipitation behavior makes AlN a significant grain refiner at 

relatively low levels and making aluminum the first true microalloy addition to steels.  Figure 2.6 

shows the significant effect aluminum can have on grain refinement compared to carbon steels at 

temperatures below about 1050°C (1922°F).  Above 1050°C (1922°F) abnormal grain growth 

typically occurs until either all of the AlN precipitates coarsen and become ineffective at pinning 

boundaries or dissolve completely. 

 

Figure 2.6 The influence of reheat temperature on austenite grain size for carbon and 
aluminum-treated steels.  Adapted from Gladman [10]. 

Although AlN has been used as a grain refiner for decades, several detrimental effects 

have been attributed to the presence of AlN.  Steels containing AlN that are to be normalized can 

undergo abnormal grain growth as they are heated to a temperature close to the grain coarsening 

temperature.  During hot working, AlN can cause transverse cracking and surface break-up of 

alloy steels at low strain rates due to a drop in hot ductility within specific temperature ranges.  

The drop in hot ductility at low strain rates is a result of microvoids nucleating on AlN particles at 

the austenite grain boundaries [12, 19].  Steels with high aluminum levels (e.g. 0.05 wt pct or 

greater) can be very sensitive to thermal cycling in which AlN does not completely go into 
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solution, but instead coarsens, causing embrittlement and reducing its effectiveness as a grain 

refiner.  

2.4 Precipitation Strengthening by Microalloying 

Fine dispersions of second phase particles can contribute significant strengthening by 

interacting with dislocations and impeding their motion [20].  The controlled formation of fine 

microalloy precipitates is one of the strengthening mechanisms commonly utilized in MA forging 

steels.  Figure 2.7 shows the effect of precipitate size and volume fraction on the predicted 

precipitation strengthening response of V, Nb, and Ti compared to experimental observations.  

Although higher strengths can be achieved by the finer precipitates when microalloying with Nb 

or Ti, V is commonly used in forging steels due to the lower temperature precipitation of V(C,N).   

 

 

Figure 2.7 The influence of precipitate size and volume fraction on the predicted and 
experimental precipitation strengthening of Nb, V, and Ti microalloyed steels.  
Adapted from Pickering [21]. 

 

2.4.1 Precipitation Behavior 

Precipitates fine enough to effectively strengthen MA steels are formed either during the 

austenite to ferrite transformation, referred to as interphase nucleation, or randomly within ferrite.  

Figure 2.8 shows transmission electron microscopy (TEM) micrographs illustrating V(C,N) 

precipitation occurring as interphase above the Ae1, as interphase below the Ae1, as well as 

randomly within ferrite.  Interphase precipitates appear as sheets parallel to the advancing 

austenite-ferrite phase boundary.  At transformations above the Ae1, interphase precipitation is 
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observed as irregularly spaced, often curved, sheets of precipitates.  At a lower temperature, about 

the Ae1 or slightly below, interphase precipitation occurs at larger intervals and as regularly 

spaced planar sheets.  Random precipitation occurs either when the austenite-ferrite phase 

boundary moves too quickly for precipitation to occur at the interface (i.e. a relatively high 

cooling rate) or from supersaturated ferrite after austenite decomposition.  Fibrous precipitation 

has also been observed in slow cooled steels as carbonitrides precipitating perpendicular to the 

austenite-ferrite interface producing fibrous aggregates of ferrite and carbide that are much finer 

than pearlite, but similar in appearance [8, 24, 25]. 

 

   
(a) (b) (c) 

Figure 2.8 Vanadium carbonitrides (a) precipitating interphase in irregularly spaced curved 
sheets, (b) interphase in evenly spaced aligned sheets, and (c) randomly within 
ferrite.  TEM micrographs:  (a) centered dark field from Baker [8], (b) and (c) bright 
field from Zajac et al.[22]. 

 

The mechanism for interphase precipitation has been debated extensively.  Multiple 

models have been proposed; however, all fall into two categories: ledge mechanisms and solute 

diffusion control models.  An early model suggested interphase precipitates nucleate 

heterogeneously on the austenite/ferrite boundary, pinning their movement normal to the 

boundary.  Figure 2.9 shows a schematic of this mechanism.  Ledges are only mobile after a 

localized breakaway occurs.  The ledges move parallel to the boundary while part of the released 

boundary remains stationary enabling precipitate nucleation again forming a new sheet.  Thus, the 

intersheet spacing should correlate to the ledge height [26]; however, such a correlation has not 

been observed.  Later models attempt to explain the variation in observed intersheet spacing with 

temperature and alloy composition using diffusion control models [27]. 

A distinguishing characteristic of the different types of precipitation behavior is their 

orientation relationships with the ferrite matrix.  The precipitates that are expected to strengthen 

ferrite in MA steels exhibit a NaCl (B1) crystal structure that does not fit well within the ferrite 

100 nm 100 nm 100 nm 
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lattice.  When a microalloy carbonitride precipitates within austenite, the precipitate will have a 

Kurdjumov-Sachs (K-S) orientation relationship with ferrite: 

 { } { } ),(111//110 NCMα      
),(

  110  //111
NCMα

 (2.4) 

When a microalloy carbonitride precipitates in ferrite, the precipitate has a Baker-Nutting (B-N) 

orientation relationship with ferrite: 

 { } { } ),(100//100 NCMα      
),(

  010 //011
NCMα

 (2.5) 

For interphase precipitation, a single variant of the B-N orientation relationship has been 

observed within a single sheet of precipitates [8, 22, 25, 28] or within a single ferritic region [29].  

Table 2.2 shows the minimum mismatch of common precipitation strengthening carbides and 

nitrides that precipitated with the B-N orientation in ferrite.  Of all the typical MA carbides and 

nitrides, VC and VN have the least mismatch within the habit plane, less than 2.5%.  However, 

both VC and VN still have almost a 50% mismatch normal to the habit plane. 

 

 
 

(a) (b) 

Figure 2.9 (a) Schematic of the ledge mechanism resulting in precipitate sheet morphology 
in alloy and microalloy steels.  Schematic adapted from [Honeycombe and Mehl 
1976].  (b) Cr23C6 precipitation occurring via ledge mechanism in an alloy steel.  
Bright field TEM micrograph taken at 150,000x magnification from [26]. 

 

  

Figure 2.10 is a schematic representation of the lattice mismatch seen between V(C,N) 

and ferrite. The expected precipitation morphology from this orientation relationship would be 

that of flat disks that are coherent on the face and incoherent on the edges.  In fact this precipitate 

morphology is observed in V(C,N) as well as Ti(C,N).  However, observed interphase 

precipitation of these MA compounds has shown misfits in excess of 10% on the faces [4].  

Investigation into the coherency of interphase precipitated MA carbonitrides using TEM has 

resulted in determining them to be completely incoherent despite their very small sizes (between 

2 and 5 nm) [30].  This combination of incoherency with the ferrite matrix and the NaCl structure 
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of the precipitates cause the particles to strengthen the ferrite via the Orowan dislocation bowing 

mechanism.  

Table 2.2 – Lattice mismatch of microalloy carbides and nitrides in ferrite (ao=0.2866 nm). 

Compound 
Lattice Parameter, ao  

(nm) [14] 
Minimum Mismatch in 

Habit Plane (%) 
Minimum Mismatch Normal 

to Habit Plane (%) 

VC 0.4154 2.4 44.9 

VN 0.4126 1.8 43.7 

TiC 0.4313 6.0 50.5 

NbC 0.4462 9.2 56.7 

NbN 0.4390 7.7 53.8 
 

 
 

  

Figure 2.10 Schematic showing the lattice mismatch of the Baker-Nutting orientation 
relationship between the B1 crystal structure of V(C,N) and the body-centered 
cubic crystal structure of ferrite. The C and N atoms have been removed from the 
schematic for simplification.  Schematic from Morales et al. [30]. 

 

2.4.2 Orowan and Ashby-Orowan Relationships 

As a crystal is stressed, dislocations move and will interact with obstacles on their slip 

plane.  An increase in the applied stress is consequently needed to continue the motion of the 
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dislocation.  Orowan first studied this hardening mechanism in a matrix containing a dispersion 

of particles that dislocations will not enter – “hard” particles.  Orowan hypothesized that the 

particle exerts a strong, short range, repulsive force on the dislocation (whether a screw or edge 

dislocation) that prevents the dislocation from entering the particle [31].  Relating the line tension 

of the dislocation, roughly equivalent to the dislocation line energy, Orowan developed a 

relationship between the applied stress and amount of bowing along the dislocation line, known 

as the Orowan equation [4]: 

 
L

bGm
y =∆τ  (2.6) 

where ∆τy is the change in yield stress, Gm is the matrix shear modulus, b is the Burger’s vector, 

and L is the distance between particles in the slip plane.  From the Orowan equation, particle 

spacing can be converted to volume fraction, f, and particle size making some assumptions about 

the spatial distribution of the particles.  The area fraction of particles intercepting the slip plane 

can be considered equal to the volume fraction from stereological considerations; however, the 

average particle diameter intersecting the slip plane is not equal to the true three-dimensional 

diameter.  Therefore, Equation (2.6) was refined to incorporate the true three-dimensional 

diameter, X, assuming that all of the particles on the slip plane lie on a square grid so that the 

length of a square within the grid is the same as the center-to-center distance of the particles, 

giving 

 ( )
X

fbGm
my

2
1

232 πττ +=  (2.7) 

where mτ is the shear strength of the matrix without particles.  With the use of the Taylor factor, 

MT , derived for isotropic polycrystalline materials, the increase in the material’s yield stress, σy, 

can be related to the increase in the shear stress associated with dislocation bowing, 

 yTy M τσ ⋅=  (2.8) 

where MT  ≈ 3.  Substituting Equation (2.8) into Equation (2.7) gives 

 ( )
X

fbGm
my

2
1

236 πσσ +=  (2.9) 

where σm is the yield strength (in tension) of the matrix without the presence of the particles.  

However, it is important to note that this equation is an overestimate of the stress required to 

cause a dislocation to bypass a particle due to several simplifying assumptions that were made 

during its derivation.  Therefore, Equation (2.9) represents the upper bound of the strengthening 

that can be achieved by hard particles. Table 2.3 provides a list of some assumptions made. 
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Several approaches can be taken to achieve a more accurate description of hard particle 

strengthening; however, all are complex and would require advanced computer modeling 

techniques.  Foreman and Makin [32] as well as Kocks [33] used computer-based models in the 

late 1960s to provide a more accurate equation incorporating random arrays of particles within 

the slip plane.  Both used a nearest neighbors method of determining the effective particle 

spacing.  The equations they derived are 

 
( )

L

bGm
y

81.0
=σ  (2.10) 

 
( )

L

bGm
y
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=σ  (2.11) 

Equation (2.10) was determined by Foreman and Makin while Equation (2.11) was determined by 

Kocks [4].  Ashby [31] later refined this approach by taking into account Kocks’ considerations 

as well as using the surface-to-surface distance as the interparticle spacing instead of the center-

to-center distance, resulting in the Ashby–Orowan equation: 
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where ns is the number of particles intersected by a unit area of the slip plane [4].  The 

substitution of the surface-to-surface particle spacing has importance only in materials with large 

volume fractions of particles.  Therefore, the consideration is not significant in MA steels where 

the particle size is negligible relative to the particle spacing due to very low volume fractions (10-

4 to 10-3) [4].  Transforming Equation (2.12) into a more usable form that allows empirical 

quantities to be inserted yields  
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A variation of this equation which is very useful in the case of MA steels is 
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where values for ferrite, Gm = 80,600 MPa and b = 2.5 x 10-4 µm, (as well as a unit conversion 

from mm to µm) were incorporated [4].  Figure 2.11 shows the relationship between the Orowan 

equation and the Ashby-Orowan relationships for low volume fractions of hard particles [34].  

The figure clearly shows why the Orowan relationship is considered an upper bound estimation of 

the precipitation strength contributions seen in MA steels. 



 

15 

Table 2.3 – Summary of some assumptions made during derivation of the Orowan equation. 

Assumption Description/Comments 

Dislocation/Particle 
Interaction 
Direction 

The dislocation line is parallel to the rows of particles intercepting the 
slip plane.  If the dislocation was to intercept the rows of particles at 45°, 
the effective particle spacing would increase by a factor of 2.5 [4].   

Regular Array of 
Particles 

The particles are aligned on the intersections of a square grid.  If the 
particles were arranged in a random manner, some particles would be far 
enough apart that they would offer no resistance to dislocation slip at the 
stress level closer dislocations would require to bypass them [4].  

Dislocation/ 
Dislocation 
Interactions 

The derivation does not account for dislocation/dislocation interactions.  
As the dislocation continues to bow around the particles the dislocation 
will eventually become close to adjacent sections that are of opposite 
sign causing them to attract and annihilate each other. 

 
 

 

Figure 2.11 Comparison of the Orowan relationship to the Ashby-Orowan relationship for 
precipitation strengthening of hard particles at low volume fractions.  Figure 
adapted from Irvine et al. [34]. 

2.4.3 Vanadium Carbonitride Effects 

Increasing the extent of strengthening from V(C,N) precipitation has been of great 

interest for many years [8, 22, 35, 36].  The precipitation strengthening of V(C,N) is enhanced 

significantly by higher nitrogen content in the steel [36, 37].  Increasing nitrogen levels in the 

presence of vanadium increases the V(C,N) nucleation rate, increasing the volume fraction of 

V(C,N) while decreasing the intersheet spacing, interparticle spacing, and particle size [27].  

Figure 2.12 is an example of the strengthening effect of nitrogen in a V microalloyed low carbon 

steel and illustrates the influence of nitrogen on the yield strength of two different low carbon 

steels at two V levels and two cooling rates.  In all four cases the strength is increased at higher N 
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levels by ~5 MPa (~0.7 ksi) per 0.001 wt pct N [35].  The precipitation strengthening of V(C,N) 

can be further increased via subcritical aging.   

 

Figure 2.12 Yield strength as a function of nitrogen content for two separate V-microalloyed 
low carbon steels cooled at rates of 0.5 and 5 °C/s (0.9 and 9 °F/s).  Data re-
plotted from Zajac et al. [35]. 

Figure 2.13 shows a precipitation strengthening curve for a V-microalloyed low carbon 

steel.  Interestingly, very little difference in aging behavior was observed between material air 

cooled from 1250 °C (2282 °F) or material hot-rolled, finish-rolled at 850 °C (1562 °F), and air 

cooled.  Significant softening of the steel was not seen until a Larson-Miller parameter of 

approximately 19 x 103 which corresponds to 1 hour at 677 °C (1251 °F). 

 

Figure 2.13 Precipitation strengthening curve for a 0.095 wt pct V microalloyed low carbon 
steel heated to 1250 °C (2282 °F) and either air cooled (AC) or rolled with a 
finishing temperature of 850 °C (1562 °F) and air cooled.  Aging treatments were 
done from 550-700 °C (1022- 1292 °F) for up to 100 hours.  Data re-plotted from 
Gladman et al.[46]. 

 



 

17 

2.5 Intragranular Ferrite Nucleation 

Intragranular ferrite nucleation on MnS + V(C,N) complexes is a common phenomenon 

in V-microalloyed medium-carbon steels.  Intragranular ferrite on MnS inclusions breaks-up large 

pearlite colonies and hence can significantly increase toughness [38-40].  Figure 2.14 shows 

schematically the proposed mechanism for intragranular ferrite nucleation on MnS inclusions.  As 

a V-microalloyed steel is cooled VN precipitates from austenite heterogeneously on the surface of 

the MnS inclusion.  As the steel is further cooled VC may also precipitate on the MnS surface.  

Upon further cooling ferrite will nucleate on the VN/VC interface with austenite due to the 

previously mentioned low mismatch of the VN/VC habit plane with ferrite according to the B-N 

orientation relationship. 

 

Figure 2.14 Schematic illustrating the stages of intragranular ferrite nucleation on manganese 
sulfide (MnS) inclusions in a V-microalloyed steel [1]. 

2.6 Competition for Nitrogen 

Nitrogen plays an important role in enhancing precipitation of AlN for austenite grain 

size control and precipitation of V(C,N) for precipitation strengthening.  The presence of 

significant quantities of both Al and V can cause a competition for nitrogen in steel.  This 

competition can be understood by considering an analysis provided by Gladman [4].  First, 

consider the solubility products of both AlN and VN presented previously in Table 2.1. 

If Al and V are the only two strong nitride formers in an iron matrix and since AlN and VN are 

mutually exclusive compounds [41], the total nitrogen in the alloy, NT, can be separated into 

components, to give 
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 AlNVNT NNNN ++= ][  (2.15) 

where [N] is the N dissolved in the iron matrix or “free” nitrogen, NVN is the N bonded as VN, and 

NAlN  is the N bonded as AlN.  With the assumption that AlN and VN are stoichiometric 

compounds at equilibrium, a quadratic equation describing the dissolved N content of the alloy 

can be described as a function of temperature, total N (NT), total Al (AlT), and total V (VT) content 

of the alloy as well as the solubility products for AlN and VN in austenite, Kγ

AlN and Kγ

VN , 

respectively.  The equation is 
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The phase field boundaries are defined by, 
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where Alx is the limiting Al content that can be added to the alloy without AlN forming while 

having VN present and Vx is the limiting V content that can be added to the alloy without VN 

forming while having AlN present.  Equation (2.17) defines the boundary between the (γ-Fe+VN) 

and the (γ-Fe+VN+AlN) phase fields.  Equation (2.18) defines the boundary between the (γ-

Fe+VN+AlN) and the (γ-Fe+AlN) phase fields.  Figure 2.15 shows the Fe-rich corner of the Fe-

V-Al-N quaternary system.  From Figure 2.15 one can observe that as N increases, for given Al 

and V levels, the region in which austenite, VN, and AlN are in equilibrium at 900°C (1652 °F) 

increases significantly.  Although these calculations can give insight as to the thermodynamics of 

the simultaneous precipitation of AlN and VN, no insight is obtained regarding the kinetics of 

their precipitation. 

The kinetics of precipitation for AlN and VN can significantly influence the volume 

fraction of the two precipitates in commercially produced steel.  Figure 2.16 shows the kinetics 

for precipitation of AlN and VN in a steel that was isothermally held at 950 °C (1742 °F) at 

durations from 1 to 100 hrs.  Notice that AlN precipitation is relatively sluggish, compared to the 

VN, and does not precipitate significantly until after 20 hrs. 

Recently, thermo-kinetic software coupled with specific modeling techniques has been 

utilized to calculate time temperature precipitation (TTP) diagrams to assist in prediction of 

simultaneous precipitation effects [42-44].  Figure 2.17 shows calculated TTP diagrams for two 

V-microalloyed steels:  0.010 and 0.052 wt pct Al.  The V and N levels were kept constant at 0.14 
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wt pct V and 0.024 wt pct N.  The model used to calculate the TTP curves accounted for short-

circuit diffusion along grain boundaries as well as bulk diffusion within the grains [44].  The 

0.010 wt pct Al steel showed a significant suppression of VN precipitation once the temperature 

was low enough for AlN precipitation to begin.  The 0.052 wt pct Al steel, which is the same 

composition as Figure 2.16, began precipitating AlN at relatively high temperatures with the nose 

of the C-curve occurring at approximately 1150 °C (2106 °F).  The VN precipitation C-curve was 

only slightly suppressed both in temperature and time with the increased Al content.  However, in 

the 0.052 wt pct Al steel VN dissolution can occur at longer hold times below approximately 

1000 °C (1832°F). 

 

Figure 2.15 Iron rich corner of the quaternary Fe-V-Al-N system at 0.005 and 0.010 wt.% N.  
Phase fields were calculated from solubility data at 900°C (1652°F).  Adapted 
from Gladman [4]. 

 

 

Figure 2.16 Kinetics of AlN and VN precipitation in a low carbon V-microalloyed steel at 
950 °C (1742 °F).  The steel contained 0.052 Al, 0.14 V, and 0.023 N (wt pct).  
Data re-plotted from Wilson and Gladman [12]. 
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(a) (b) 

Figure 2.17 Calculated time-temperature-precipitation (TTP) diagrams for a V-microalloyed 
steel at two Al levels:  a) 0.010 Al and b) 0.052 Al.  Lines are labeled with the 
relative phase fraction in pct.  All compositions in wt pct.  Adapted from Radis 
and Kozeschnik [44]. 

2.7 Evaluation of Yield Strength for Medium-Carbon Ferr ite-Pearlite Steels 

The various effects of microalloying on austenite grain size, precipitation strengthening, 

and intragranular ferrite nucleation have been previously discussed.  These microstructural 

characteristics undoubtedly influence mechanical properties.  In particular, strength and 

toughness are of interest in applications which use medium-carbon steels [21].  The evaluation of 

yield strength will be emphasized in this review as toughness was not investigated in this study. 

Commercial steels typically utilize multiple strengthening mechanisms to influence yield 

strength and therefore can not be solely described by the Hall-Petch relationship [45].  In 

medium-carbon ferrite-pearlite steels the material behaves more like a composite or aggregate; 

therefore, a modified law of mixtures is typically used to describe the overall behavior [21]: 

 ( ) p
nn

y ff σσσ ααα −+= 1  (2.19) 

where fα is the mass fraction of ferrite, n is an index that describes the non-linearity between 

contributions of ferrite and pearlite which is typically accepted as n=1/3, σα is the yield strength 

of the ferrite, and σp is the yield strength of the pearlite.  A Hall-Petch type relationship is 

assumed for the yield strengths of ferrite and pearlite: 
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where the ferrite yield strength is ferrite grain size, d, dependent and pearlite is interlamellar 

spacing, S, dependent.  The strength coefficients, kα and kp, are assumed constant and the apparent 

friction stresses, σo
α and σo

p, are empirically determined.  This approach allows for the strength of 

the ferrite-pearlite aggregate to vary non-linearly with pearlite content as well as account for the 

reduced strength contribution of ferrite at volume fraction less than about 0.25 [4].  Figure 2.18 

shows how different strengthening mechanisms contribute to the overall yield strength of a 

normalized C-Mn steel.  As the pearlite fraction becomes large the strengthening contribution of 

ferrite grain size as well as Mn and friction stress decrease dramatically. 

 

Figure 2.18 Influence of pearlite fraction and various strengthening mechanisms on the yield 
strength of a normalized C-Mn steel [21]. 

 
Gladman et al. used the aforementioned methodology to develop an empirical equation 

for the yield strength of medium to high-carbon steels in the normalized, air cooled from 1100 °C 

(2012 °F), and control-rolled conditions [46]: 
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where f is the volume fraction of ferrite, d is the ferrite grain size in mm, and S is the interlamellar 

spacing in mm..  Figure 2.19 shows a plot of calculated versus observed yield strength for the 

steels used to develop the empirical structure-property relationship for yield strength.  The 

relationship accounts for 93.7 pct of the variation observed in yield strengths [46].  The V-

microalloyed steels typically resulted in a much higher observed yield strength which is believed 

to be the strength contribution due to precipitation strengthening [46]. Although the pearlite 

contribution to the strength may not be linear, it can be approximated as such to show trends.  

Figure 2.20 shows the Gladman et al. data in addition to some low carbon steels, both plain 
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carbon and V-microalloyed.  The V-microalloyed steels clearly show a significant increase in 

strength compared to plain carbon steels. 

 

Figure 2.19 Observed and calculated yield strengths for various medium and high-carbon 
steels, both plain carbon and microalloyed in the normalized condition, air 
cooled from a high austenitizing temperature, and control-rolled conditions [46]. 

 

 

Figure 2.20 Empirical data showing the effect of pearlite fraction on the yield strength of 
plain carbon and V-microalloyed steels [35, 36, 47]. 

 

2.8 Quantifying Precipitation 

Quantifying the size distribution and volume fraction of precipitates is important to all 

MA steels.  Both grain boundary pinning and precipitation strengthening are highly dependent on 
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these factors.  Techniques used to quantify precipitation behavior are often time consuming and 

tedious; however, they provide crucial insight into mechanisms necessary for product 

development. 

2.8.1 Transmission Electron Microscopy Methods 

Often size and volume fraction of precipitates are determined through careful analysis of 

thin foils or extraction replicas via TEM.  Although determining the size distribution of 

precipitates is commonly done and accomplished with relative ease; volume fraction is much 

more challenging to determine accurately.  Common issues in determining the volume fraction of 

precipitates include maintaining a consistent sampling depth and extraction factor from one 

replica to the next.  The extraction factor, also called extraction efficiency, describes the 

proportion of suitably placed particles that can be effectively captured and extracted.  Ashby et al. 

determined the volume fraction of hard, spherical particles in a soft matrix using particle-size 

distributions from extraction replicas as: 
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where f is the estimated volume fraction, Ns is the number of particles measured per unit area, x̄   

is the mean particle diameter, and σ is the standard deviation of the mean particle diameter [48]. 

The study by Ashby et al. concluded that a reasonable level of reproducibility could not 

be achieved, thus resulting in estimates of volume fraction being in error by more than a factor of 

two.  Equation (2.23) can be corrected by multiplying f by an extraction factor, α; however, this is 

extremely difficult to quantify and often changes from replica to replica.  Recent research 

confirms the error in volume fraction estimation observed by Ashby et al. [49]. Precipitate 

volume fractions in high-strength microalloyed steels were found to be an overestimation by as 

much as four times when using Equation (2.23).  In the study a lower bound was determined by 

multiplying the estimated volume fraction determined by Equation (2.23) by the approximate 

ratio of the average diameter of the small particles to the average diameter of the large 

particles [49].  

Recently, quantification of MA elements either in solution or precipitate form via highly 

sensitive elemental analysis of electrolytically extracted carbides and nitrides has increased in 

usage [50-52].  This particular technique relies on the precipitates of interest to be nobler than the 

matrix in the electrolyte during polarization.  Quantification of the amount of an element in 

precipitate form along with thermodynamic calculations to determine the volume fraction of large 

and intermediate-size precipitates has been shown to provide a reasonable estimation of the actual 
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volume fraction of precipitates and can be used to calculate their strengthening contribution 

[49, 53]. 

2.8.2 Electrolytic Extraction of Precipitates 

Electrolytic extraction of precipitates and intermetallic compounds from metals has been 

done for years [54].  A technique of particular interest to MA steels is referred to as “Selective 

Potentiostatic Etching by Electrolytic Dissolution” or “SPEED” and was first developed in the 

late 1970s to look at precipitates and grain orientations in steel [55].  The SPEED method utilizes 

a methanol based electrolyte which is ideal for investigating Al and V precipitation due to the 

water solubility of AlN and the Beeghly method’s inability to distinguish between nitrides [4, 56].   

Using the SPEED method, a potential is applied between a working electrode (specimen) 

and a counter electrode suspended in a non-aqueous electrolyte of methanol (MeOH), 10 pct 

acetylacetone (ACAC), and 1 pct tetramethylammonium chloride (TMAC).  The potential is kept 

constant by use of a reference electrode, typically a saturated calomel electrode (SCE), and a salt 

bridge such as a Luggin capillary tube.  After dissolution, the solution can then be filtered through 

a membrane separating precipitates from elements that remain in solution within the matrix.  

Figure 2.21 shows potentiodynamic polarization curves for carbon steel (ferritic matrix), stainless 

steel (austenitic matrix), Fe3C, AlN, V3C4, and TiN.  The high current density of the carbon and 

stainless steels achieved at relatively low applied potentials compared to the MA carbides and 

nitrides ensures that the carbon and stainless steel matrix is preferentially dissolved leaving the 

carbides and nitrides virtually unaffected.  Based on the polarization curves shown in Figure 2.21 

any current density that results in a surface potential below +800 mV (SCE) will preferentially 

dissolve the steel matrix prior to any carbides or nitrides.   

Additional analysis of the remaining precipitates can be done using several techniques 

including X-ray diffraction (XRD), TEM, inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES), and inductively coupled plasma-mass spectroscopy (ICP-MS).  

Analysis tools such as ICP-AES and ICP-MS have provided a means to quantitatively determine 

both compositions of the precipitates and the matrix with resolution of parts per billion (ppb) to 

parts per trillion (ppt).  Table 2.4 provides reported theoretical lower limits of detection for some 

common elements of interest in electrolytic extraction techniques using ICP-AES and ICP-MS.  

Table 2.5 summarizes and compares these two chemical analysis techniques.  As seen in the two 

tables, ICP-MS is the preferred method for trace metals analysis due to its larger working range, 

higher resolution, and reduced spectral interference from elements not of interest during analysis. 
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(a) (b) 

Figure 2.21 Potentiodynamic curves for carbon steel, stainless steel, and select (a) carbides 
and (b) nitrides in a non-aqueous electrolyte of methanol, 10 pct acetylacetone, 
and 1 pct tetramethylammonium chloride.  Data re-plotted from Kurosawa et al. 
[57, 58]. 

 

Table 2.4 – Lower limit of detection for ICP-AES and ICP-MS for select elements 
in ppb (µg/L) [59, 60]. 

 Al B Cr Mo Nb V Ti 

ICP-AES 3 0.8 2 3 10 0.4 0.5 

ICP-MS 0.001 0.05 0.0005 0.0005 0.001 0.0005 0.001 
 

 

Table 2.5 – Comparison of ICP-MS and ICP-AES techniques [61]. 

 ICP-MS ICP-AES 

Plasma 
Horizontal: generates 
cations 

Vertical:  excites atoms which emit 
photons 

Ion detection Mass-to-charge ratio Wavelength of emitted light 

Detection limit 1-10 ppt (ng/L) 1-10 ppb (µg/L) 

Working range 8 orders of magnitude 6 orders of magnitude 

Multiple-element 
detection 

Yes Yes 

Spectral interference Predictable (less than 30) Large number, complicated to correct 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

This chapter discusses experimental design and introduces the material used in this study.  

The methodology regarding testing and characterization techniques is presented in detail. 

3.1 Experimental Overview 

The purpose of the study is to experimentally examine the interaction of Al, V, and N 

during the reheat cycle for forging.  Thus, experimental material and procedures were developed 

in close consultation with industrial mentors to achieve this objective while maintaining a strong 

industrial relevance.  Figure 3.1 provides a general outline of experiments conducted for the 

project.  Materials with three different, industrially relevant, Al contents were heat treated with a 

variety of holding times and temperatures.  The heat treated specimens were then characterized 

for variations in microstructure and hardness.  The data were evaluated to select specific heat 

treatments for further analysis and testing that showed consistent processing amongst replicate 

specimens and that were relevant to industrial hot forging practice. 

 

Figure 3.1 Flowchart indicating the general steps and procedures used in this study. 
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3.2 Experimental Material 

Gerdau supplied a 38MnSiVS5 (modified AISI 15V41) steel with three Al levels (0.006, 

0.020, and 0.031 wt pct) from a single industrial heat.  The three alloys are hereafter designated 

by their respective Al content:  6Al, 20Al, and 31Al.  Table 3.1 shows the nominal chemical 

composition for the three 38MnSiVS5 alloys.  The aluminum additions were made in the mold 

via wire feed during continuous casting allowing for all other alloying elements to essentially be 

held constant.  Figure 3.2 shows solubility products of AlN and VN in austenite.  The chemical 

compositions for the experimental alloys are plotted showing the expected evolution of the alloy 

composition during precipitation of stoichiometric AlN and VN compounds under equilibrium 

conditions.  The 31Al alloy is close to the stoichiometric line in the Al-N-Fe system while the 

20Al and 6Al alloys are hypostoichiometric.  All alloys are hyperstoichiometric with V. 

Table 3.1 – Chemical composition of the 38MnSiVS5 (Modified AISI 15V41) alloy,  
in wt pct, as measured by optical emission spectroscopy (OES). 

Alloy C Mn Si Ni Cr Mo Ti Nb V Al N S 

6Al 0.37 1.36 0.63 0.08 0.13 0.02 - - 0.088 0.006 0.0153 0.064 

20Al 0.37 1.36 0.63 0.08 0.13 0.02 - - 0.088 0.020 0.0153 0.064 

31Al 0.37 1.36 0.63 0.08 0.13 0.02 - - 0.088 0.031 0.0153 0.064 
 

 

  
(a) (b) 

Figure 3.2 Solubility products of (a) AlN and (b) VN in austenite along with compositions of 
the experimental materials.  Arrows indicate the change in composition of the 
alloy during equilibrium cooling conditions as stoichiometric AlN or VN 
precipitate.  Solubility products plotted from equations given by Turkdogan [9] in 
Table 2.1. 
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3.2.1 Processing 

The alloys were continuously cast into 233 mm (9.175 in) diameter billets and transferred 

to a reheat furnace.  The billets entered the reheat furnace with a surface temperature of 

approximately 825 °C (1517 °F) where they were held for approximately 95 min and then sent to 

the rolling mill.  The billets entered the first rolling stand with a surface temperature of 

approximately1175 °C (2147 °F), were finished at approximately 1010 °C (1850 °F), and placed 

on an air cooling bed until being beveled and bundled at approximately 150 °C (302 °F).  The 

final diameter of the hot-rolled bar was 117.5 mm (4.625 in). 

3.2.2 As-received Characterization 

An analysis of the as-received material was conducted to understand variations of 

microstructure, chemistry, and properties so that specimens could be selected from a region in the 

bar that was the most consistent amongst the three alloys.  Microstructural, chemical, and 

hardness characteristics of each alloy were examined in the longitudinal and transverse directions.  

The mid-radius of the bar was found to provide the most consistent microstructure, properties, 

and chemistry for all three alloys.  Chapter 4 presents the results from the as-received material 

characterization directly relevant to this study.  Appendix A gives the complete analysis of the as-

received material characterization. 

3.3 Thermal and Thermomechanical Simulations 

The Gleeble® 1500 system at CSM was utilized to simulate in the laboratory all heating, 

holding, cooling, and deformation steps for each specimen. 

3.3.1 Heating Stage 

The heating cycle for all thermal and thermomechanical simulations was held constant.  

The heating schedule was chosen to simulate an industrial induction heating process.  Figure 3.3 

shows the surface, core, and average temperature of a 63.5 mm (2.5 in) diameter billet induction 

heated to forging temperatures using a conventional three coil system [62].  Initially the surface 

of the billet heats significantly faster than the core.  After about a minute of heating the heating 

rate of the surface and core begin to converge to a constant heating rate up to the forging 

temperature.  From Figure 3.3 a two step heating schedule of 20 °C/s (36 °F/s) to 750 °C 

(1382 °F) then 4 °C/s (7.2 °F/s) to the holding temperature was selected.  The change in heating 

rate at 750 °C (1382 °F) is intended to simulate the decreased efficiency of induction heating that 

occurs above the Curie temperature of ferrite (770 °C/1418 °F) [63]. 
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Figure 3.3 Temperature as a function of heating time for a conventional three-coil induction 
heated billet [62]. 

3.3.2 Holding Stage 

The holding step was performed at each of five distinct temperatures for three separate 

durations.  The holding temperatures were selected as 1050, 1100, 1150, 1200, and 1250 °C 

(1922, 2012, 2102, 2192, and 2282 °F).  The maximum holding temperature of 1250 °C(2282 °F) 

was determined from the recommended forging temperature for AISI 1541 (1245 °C/2273 °F) 

[64].  The remaining four holding temperatures were selected from the AlN solubility product for 

the three alloys calculated from:  

 
)(

770,6
03.1log

KT
K AlN −=γ  (3.1) 

resulting in dissolution temperatures of 1282 °C/2340 °F for 31Al, 1217 °C/2223 °F for 20Al, 

and 1063 °C/1954 °F for 6Al [Turkdogan 1989].  Each temperature provides a different driving 

force for dissolution or precipitation/coarsening of AlN, depending on the alloy, while dissolving 

VN at temperatures greater than 1071 °C/1960 °F, which is calculated from the VN0.75 solubility 

product from Turkdogan [9]: 

 
)(

700,7
86.2log 75.0 KT

KVN −=γ  (3.2) 

Figure 3.4 shows the solubility products for compounds relevant to this study.  The 

compositions for the 31Al, 20Al, and 6Al alloys are plotted as symbols.  Vertical lines indicate 

the holding temperatures for the thermal and thermomechanical simulations.  Durations of 5, 15, 

and 45 minutes at the holding temperature were selected to account for both the shorter holding 

time of induction heating and the longer holding time typical of gas-fired furnaces.  
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3.3.3 Cooling Stage 

The cooling step consists of two cooling rates; the latter part of the cooling was modeled 

after a curve obtained from an industrially processed 76 mm (3.00 in) diameter bar [65].  The first 

cooling step consists of a variable cooling rate from the holding temperature to 750 °C (1382 °F) 

in 360 s (6 min).  This cooling results in an initial cooling rate that varies from 0.83 to 1.39 °C/s 

(1.5 to 2.5 °F/s).  The cooling rate is then reduced to 0.25 °C/s (0.45 °F/s) until the specimen 

reaches 500 °C (932 °F), after which the specimens are allowed to freely cool to room 

temperature (i.e. without program control) between the platens of the Gleeble® 1500.  Since the 

platens of the Gleeble® are water cooled the specimen was essentially die-quenched to room 

temperature.  The temperatures at which the cooling rate changes were determined from 

dilatometry during preliminary testing which are presented in Chapter 4.  In general, a constant 

cooling rate was used over a temperature range of 50 °C (90 °F) above and below the austenite 

decomposition temperature range.  Figure 3.5 shows the industrial cooling curve data as well as 

an overlay of the proposed cooling rate for the thermal and thermomechanical simulations.  A 

Newtonian cooling fit was overlaid as well for completeness.  It can be observed that during 

austenite decomposition the proposed constant cooling rate of 0.25 °C/s (0.45 °F/s) very closely 

matches industrial processed material.   

 

Figure 3.4  Solubility product versus temperature for aluminum nitride (AlN), vanadium 
nitride (VN), and vanadium carbide (VC0.75) in austenite and in ferrite.  The 
solubility products for the compounds of interest for the 31Al, 20Al, and 6Al 
alloys are plotted as symbols.  The short vertical lines represent the reheat 
temperatures used during thermal and thermomechanical simulations.  Solubility 
products plotted from equations given by Turkdogan [9]. 
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Figure 3.5  An industrial cooling curve for a 76 mm (3.00 in) diameter bar with Gleeble® 
simulation cooling curve overlaid.  A Newtonian cooling fit to the industrial cooling 
curve is included for completeness.  Data for industrial cooling curve provided by 
Cryderman [65]. 

3.3.4 Single-hit Compression 

A single-hit compression step was conducted on select simulations.  The compression 

step was done at a constant temperature of 1000 °C (1832 °F) with a target true strain rate of 

1.0 s-1 and a target true strain of 0.5.  Figure 3.6 is a graphical representation of the shortest and 

the longest thermomechanical simulations with the single-hit compression step included. 

3.3.5 Specimen Geometry and Fixturing 

All simulations were done using a cylindrical compression testing specimen geometry, 

10 mm (0.394 in) diameter by 15 mm (0.591 in) long.  Appendix B gives the specific specimen 

 

Figure 3.6  Schematic of the shortest (lowest temperature, shortest hold time) and longest (highest 
temperature, longest hold time) Gleeble® simulations that were performed.  An 
additional series of specimens were cycled through the simulations without the 
deformation step. 



 

33 

geometry.  Specimen geometry and fixturing were kept constant for all thermo and 

thermomechanical testing to ensure consistency in processing.  Figure 3.7 shows a perspective 

drawing of the ISO-TTM compression fixture that was used.   

 

 

Figure 3.7 Schematic of the assembled ISO-TTM compression fixture [66]. 

 

The majority of the compression fixture is stainless steel with a tungsten carbide (WC) 

platen assembly referred to as the ISO-TTM anvil assembly.  Figure 3.8 shows a schematic of the 

uniaxial compression setup used in testing.  All specimens had a 0.254 mm (0.010 in) diameter 

type K control thermocouple spot welded on the surface at the center of the specimen.  

Thermocouple wire was PFA (a fluorocarbon polymer) coated to prevent shorting between the 

wires away from the specimen.  Next to the specimen the thermocouple wires were insulated with 

a 25 mm (1 in) section of mullite (3Al2O3-2SiO2) tubing, 0.508 mm (0.020 in) inside diameter, 

resistant to 1600 °C (2910 °F).  Between the specimen and the anvils a layered diffusion 

barrier/lubricant system was used.  A single layer of 0.254 mm (0.010 in) graphite foil was used 

as a lubricant between two layers of 0.254 mm (0.010 in) tantalum (Ta) foil which provided a 

diffusion barrier between the graphite and either the WC platens or the specimen.  A thin layer of 

nickel-based anti-seize compound was used between the layers to ensure all components stayed in 

place during setup. 

The ISO-TTM fixture is designed to be adjustable to give a minimal thermal gradient 

across the specimen so that near isothermal conditions can be realized.  Resistance matching the 

material to the anvils as well as a moderate to slow heating rate is required to achieve an 

isothermal test.  Since the intent is to simulate the heating rate of an induction heated billet, 

resistance matching the anvils to the specimen was experimentally determined using the 

previously discussed two step heating schedule of 20 °C/s (36 °F/s) to 750 °C (1382 °F) then 

4 °C/s (7.2 °F/s).  Due to the high heating rate, thermal gradients were not assumed to be uniform 

and were instead minimized and recorded.   
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Figure 3.8 Schematic of ISO-TTM compression setup.  A type K control thermocouple was 
spot welded to the surface of each specimen at the center.  A layer of tantalum 
(Ta) foil was used as a diffusion barrier between the specimen and the graphite 
(C) lubricant as well as the tungsten carbide platens and the graphite.  Adapted 
from Dynamic Systems Inc. [66]. 

 

Figure 3.9 shows the resistance in the anvil assembly.  Although resistances R1, R3, and 

R5 are all adjustable, R1 was held constant for all testing.  The thermal gradients were minimized 

by using two layers of 0.254 mm (0.010 in) graphite foil at R3 and four layers at R5.  Figure 3.10 

shows the thermal gradient measured between the center and edge of the compression specimen 

heated to 1200 °C (2192 °F) and held for 5 min.  The largest temperature difference between the 

edge and center of the specimen was observed during heating.  The holding and cooling stages of 

the simulation exhibited less than 0.5 pct deviation from edge to center while below 

approximately 1000 °C (1832 °F) the gradient was negligible. 

 

 

Figure 3.9 Resistance of the ISO-TTM anvil assembly.  Adapted from Dynamic Systems Inc. 
[66]. 
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Figure 3.10 Temperature difference, in pct of absolute temperature, from the middle to the 
edge of the compression test specimen geometry which included a 5 min hold at 
1200 °C (2192 °F).  The simulation included a single-hit compression step at 
1000 °C (1832 °F). 

 

3.4 Dilatometry 

Dilatometry was conducted on the three alloys to better understand the temperature 

ranges for transformations that occur during the thermal and thermomechanical simulations.  A 

total of six dilatometer specimens were tested, two of each alloy in the as-received condition.  

Each specimen was cycled through an initial stress relieving step (645 °C/1163 °F for 10 min) to 

dimensionally stabilize the specimen before cycling it through a heating and cooling sequence 

identical to those described in Sections 3.3.1 and 3.3.3, respectively, along with a holding 

temperature of 900 °C (1652 °F) for 5 min.  Change in diameter, temperature, and time were 

recorded during each test.   

Figure 3.11 shows a representative dilation strain versus temperature curve as well as a 

temperature versus time curve for the same specimen.  The critical temperatures identified during 

testing are indicated in addition to the specific steps in the thermal cycle programmed into the 

Gleeble®.  Critical temperatures were identified when a deviation from linearity was observed.  

Note that the time-temperature plot has the idealized program data along with the experimental 

data.  The experimental data lie directly over the top of the program indicating the Gleeble® 

maintains accurate temperature control during the entire cycle.  Steps 3 and 9 in the time-

temperature plot are programmed to cut the power that resistively heats the specimen, allowing 

the specimen to cool via heat extraction from the dies. 
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(a) (b) 

Figure 3.11 Representative (a) engineering strain versus temperature plot and (b) time versus 
temperature plot for the dilatometry performed on two specimens of each 31Al, 
20Al, and 6Al alloys.  The critical temperatures determined from each test are 
indicated in plot (a).  Each step in the program of the dilatometry test is provided 
in plot (b). 

3.4.1 Specimen Geometry and Fixturing 

All dilatometry specimens had a 10 mm (0.394 in) diameter and 86 mm (3.386 in) long 

specimen geometry.  The test used solid copper wedge grips which were held in place by screw 

jacks.  Appendix B provides the specific specimen geometry.  The stroke on the Gleeble® was 

adjusted to center the specimen in copper wedge grips and ensure symmetric heating about the 

control thermocouple at the center.  A quartz contact dilatometer was positioned about the control 

thermocouple and was used to measure diametric expansion or contraction of the specimen 

during the test. 

3.5 Metallography and Electron Microscopy 

A variety of microscopy techniques were utilized to characterize both the as received 

material and the heat treated specimens.  All specimens were analyzed transverse to the rolling 

direction of the as-received bar.  Light microscopy (LM) was utilized on all conditions to 

characterize general microstructural features such as phase fractions and grain size.  Scanning 

electron microscopy (SEM) was used to characterize finer microstructural features such as 

inclusions, ferrite morphology, and pearlite interlamellar spacing.  Energy-dispersive X-ray 

spectroscopy (EDS) in the SEM was used to qualitatively identify precipitates on inclusions.  

Transmission electron microscopy (TEM) was used to analyze fine microstructural features as 

well as precipitates. 
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All specimens were cleaned and sectioned post-heat treatment.  Table 3.2 outlines the 

procedures used to clean the heat treated specimens.  The as-received material was cleaned 

according to the provided procedures with modifications to the sectioning step as needed.  Figure 

3.12 shows where the heat treated specimens were sectioned as well as what analysis and testing 

was done on each section of the specimen.  Dilatometry specimens were prepared in a similar 

manner as the heat treated specimens.  The control thermocouple weldments were kept intact and 

were used as reference points during sectioning as well as polishing for LM, SEM, and 

microhardness testing.  The ends of the specimen were not used in any type of analysis or testing. 

 

Table 3.2 – Cleaning and sectioning procedures for heat treated specimens. 

Step Procedure 

Preliminary Cleaning 

All oxide was removed from the specimen using a hand-held rotary 
tool and a hand vise upon removing from the Gleeble®.  A 320 grit 
shank-mounted flap sanding wheel was carefully used to clean the 
specimen while leaving the control thermocouple weldment intact. 

Sectioning 

The specimen was sectioned using a water cooled high-speed 
sectioning saw and a 0.6 mm (0.024 in) thick resin/rubber bonded 
alumina abrasive blade.  Each specimen was sectioned in half across 
the diameter of the specimen approximately 0.5-1.0 mm (0.020-0.040 
in) to one side of the control thermocouple weldments. 

Final Cleaning 

The specimen was ultrasonically cleaned for five minutes using a 
concentrated ultrasonic cleaning solution diluted 20:1 with room 
temperature deionized water, rinsed with ethanol, and dried 
thoroughly.    

 
 

 

Figure 3.12 Diagram indicating the location from which material was taken from each 
compression test specimen as well as the direction of all subsequent testing and 
analysis. 
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3.5.1 Light and Scanning Electron Microscopy 

All specimens were mounted using standard metallographic mounting media and 

standard procedures for LM and SEM analysis were used.  Metallographic mounts for 

characterizing the as-received material were standard 32 mm (1.25 in) mounts made with 

Bakelite.  Heat treated specimens were mounted in 30 x 70 mm (1.18 x 2.76 in) rectangular 

mounts with an epoxy.  The larger rectangular mount geometry allowed for six specimens to be 

mounted together, decreasing preparation time and consumable usage.  A two-part quick-cure 

epoxy was used as the mounting media.  The vendor (LECO®) suggests a 5:1 resin to hardener 

ratio; however, mount quality was improved significantly with a 4:1 ratio.  The richer ratio 

resulted in reduced shrinkage and higher hardness (Shore D hardness of 90 after 1 hour and 96 

after 24 hours) when cured under 200 kPa (29 psi) of pressure.  The cured epoxy was transparent, 

ensuring the thermocouple weldments could be located at all times.  

Specimens were initially ground flat and polished to a sub-micron finish for LM using a 

LECO® Spectrum System 2000 automatic polisher.  Table 3.3 provides a detailed automatic 

polishing procedure which has been found to work on an assortment of pearlitic, bainitic, and 

martensitic steels.  Specimens were re-polished for microhardness testing and again for SEM 

analysis manually.  Table 3.4 provides the detailed manual polishing procedure. 

 

Table 3.3 – Automatic polishing procedure for metallographic specimens. 

Step Disc/Pad and Media Lubricant 
Time 
(s) 

Speed 
(Head/Wheel 

RPM) 

Force 
(N) 

1 
LECO® Platinum 0 disc  

(60-120 grit SiC equivalent) 
water 

until 
plane 

100/200 150 

2 
LECO® Platinum 2 disc  

(220-280 grit SiC equivalent) 
water 300 100/200 135 

3 
LECO® Silver disc with  

6 µm diamond suspension 
lapping oil 180 75/150 110 

4 
red felt pad with 

3 µm diamond suspension 
lapping oil 180 75/150 110 

5 
red felt pad with 

1 µm diamond suspension 
lapping oil 180 75/150 110 

6 
LECO® gray CAMEO pad with 

0.05 γ-Al 2O3 in deionized (DI) water 
DI water 30 50/100 90 
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Three etching techniques were employed depending on the type of analysis being 

conducted and the characterization technique being implemented.  Table 3.5 gives detailed 

etching procedures by analysis type.  General structural aspects such as phase fractions and grain 

sizes were characterized using a standard 4 pct picral etchant and LM.  Finer structural features 

and pearlite interlamellar spacing were characterized using the same standard 4 percent picral 

etchant only a shorter immersion time. 

 

Table 3.4 – Manual polishing procedure for metallographic specimens. 

Step Disc/Pad and Media Lubricant 
Time 
(s) 

Force 
(N) 

Wheel 
Speed 
(RPM) 

1-4 
240, 320, 400, 600 grit SiC paper 

(used successively) 
water 60 20-40 --- 

5-6 
800 and 1200 grit SiC PSA disc 

(used successively) 
water 60 20-40 150 

7 
red felt pad with 

3 µm diamond suspension 
lapping oil 180 20-40 200 

8 
red felt pad with 

1 µm diamond suspension 
lapping oil 180 20-40 200 

9 
LECO® gray CAMEO pad with 

0.05 γ-Al 2O3 in deionized (DI) water 
DI water 30 10-20 100 

 
 

Table 3.5 – Etching procedure by type of analysis and method. 

Analysis Procedure 

General Structure 
via LM 

1.  4 pct picric acid and ACS methanol solution at room temperature 
2.  immerse specimen for 4-8 s 
3.  rinse with ACS methanol 
4.  dry with compressed air 

General Structure and 
Pearlite Interlamellar 

Spacing via SEM 

1.  4 pct picric acid and ACS methanol solution at room temperature 
2.  immerse specimen for 2-3 s 
3.  rinse with ACS methanol 
4.  dry with compressed air 

Austenite Grain Size 
(AGS) via LM 

1.  heat saturated picric acid and DI water solution to 60-70 °C, 
2.  immerse specimen for 30 s 
3.  rinse with DI water 
4.  back-polish with 0.25 µm diamond suspension on a red felt pad 
5.  repeat steps 2-4 until austenite structure is clearly visible 
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Austenite grain size (AGS) was determined with LM by etching select heat treatments 

using either traditional hot saturated picric acid etching of quenched and tempered (QT) 

specimens or estimated by proeutectoid ferrite outlining austenite grains.  QT specimens were 

heat treated according to their respective simulation parameters (time and temperature at hold) in 

a Carbolite® atmospheric box furnace, water quenched to room temperature, and tempered at 

500 °C (932 °F) for two hours.  Figure 3.13 shows a representative micrograph and schematic of 

estimating austenite grain size from proeutectoid ferrite formation at the austenite grain 

boundaries. 

 

  
(a) (b) 

Figure 3.13 (a) Light micrograph etched with 4 pct picral and corresponding (b) schematic of 
austenite grains estimated from proeutectoid ferrite outlining austenite grains.  
The schematic was used to determine grain size. 

 

3.5.2 Transmission Electron Microscopy 

Select thermally processed specimens were examined via transmission electron 

microscopy (TEM).  A low-speed saw with a 102 mm (4 in) diameter blade was used to section 

material into an initial foil of approximately 250 µm thick.  A facing cut was made initially to 

ensure foils of a uniform thickness.  The saw was operated at 200 rpm with no weight added to 

the specimen.  Foils were then thinned to approximately 120 µm successively using 320, 400, and 

600 grit SiC sandpaper, from which 3 mm (0.118 in) discs were punched.  Foils were then 

electro-polished for 1.5-2.5 min until electron transparent using a 95 pct acetic acid and 5 pct 

perchloric acid solution at 30-40 mA.  Thin foil specimens were examined at room temperature in 

a 120 keV TEM. 
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3.5.3 Quantitative Metallography 

Ferrite and pearlite fractions, ferrite grain size, austenite grain size, and pearlite 

interlamellar spacing were quantified.  All heat treated specimens were assumed to have an 

equiaxed microstructure.  The deformed specimens were analyzed transverse to the compression 

axis.  The as-received material specimens and no-deformation specimens were analyzed in the hot 

rolled condition. 

The fraction of ferrite, fα, and pearlite, fP, was determined consecutively using a boundary 

intersect method presented by Higginson and Sellars [67].  A grid of 200 to 300 intersections was 

randomly centered over a micrograph.  The grid was used to determine point fractions by 

counting the number of grid intersections that lay within either ferrite or pearlite on the 

micrograph and dividing them by the total number of intersections counted.  Two fields per image 

were analyzed until a minimum of 2000 points were counted to determine the point fraction of 

constituents for each specimen.  The number of points per constituent was recorded 

independently for every horizontal line in the micrograph to facilitate ferrite grain size 

determination.  The number of ferrite/pearlite boundaries, nα/p, and ferrite/ferrite, nα/α, boundaries 

were then recorded for each horizontal line.  The point fractions of ferrite and pearlite as well as 

the number of ferrite/ferrite and ferrite/pearlite boundaries were used to determine αd , the mean 

ferrite grain size [67]:  

 
( )

p

p

nn

Lf
d

// 5.0

1

ααα

α
+
−

=  (3.3) 

where L is the length of the intersection line. 

Austenite grain size was determined using a circle of known circumference randomly 

placed on a micrograph.  The number of grain boundaries that intersected the circle was counted.  

Four circles per micrograph were counted until a minimum of 1000 boundaries were obtained per 

specimen.  Dividing the number of boundaries by the total line length provided a mean lineal 

austenite grain size.  Pearlite interlamellar spacing was determined using the same method as 

described for austenite grain size; however, the number of cementite intersecting the circle was 

recorded instead of the number of boundaries.  The parameter determined using this method is the 

mean random interlamellar spacing, rσ , which can be converted to mean true interlamellar 

spacing, tσ , by [68]: 

 rt σσ 5.0=  (3.4) 

Vander Voort and Roόsz [68] found this method of determining the mean true interlamellar 

spacing, tσ , to be in good agreement with analysis of TEM thin foils. 
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3.6 Hardness Testing 

Both micro- and macro-hardness testing were used to characterize all specimens.  The 

Vickers scale was used for microhardness testing and the Rockwell B and C scales were used for 

macrohardness testing. 

3.6.1 Vickers Microhardness Testing 

An identical specimen preparation procedure was used for microhardness testing as was 

used for LM and SEM specimens.  All microhardness testing was conducted using the Vickers 

scale with a 1 kgf load applied for 10 s during each test.  Figure 3.14 shows a specimen that was 

Vickers microhardness tested.  All microhardness testing was conducted in a 5 x 5 grid offset 1 

mm (0.04 in) from the center towards the thermocouple weldments.  Vickers indentations were 

spaced 0.38 mm (0.015 in) apart.  This spacing exceeded the recommended minimum center-to-

center indentation spacing of three times the diagonal length. 

 

 

Figure 3.14 Stereoscope image of a specimen with a 5 x 5 grid of Vickers microhardness 
indentations.  The grid was positioned 1 mm (0.04 in) off-center towards the 
thermocouple weldments for every specimen.   

 

3.6.2 Rockwell Macrohardness Testing 

Each specimen for Rockwell macrohardness testing was ground level to within an 

approximate 2° angle deviation using a 120 grit ZrO2 stationary belt grinder.  The testing surface 

was further ground to a 600 grit SiC surface finish prior to testing.  Hardness testing was done 
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either in Rockwell B or C scales, depending on what was applicable for the specimen, and 

converted to Vickers for ease of comparison between the two scales using [69]:   
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Appropriate standard hardness blocks were used to check the accuracy of the hardness tester prior 

to each testing session. 

3.7 Uniaxial Tensile Testing 

All specimens were pulled to failure in quasi-static uniaxial tension at room temperature.  

The testing frames were operated under displacement control at a crosshead displacement rate of 

0.508 mm/min (0.02 in/min).  The geometry of every specimen was measured with a caliper 

(0.005 mm/0.0005 in resolution) to ensure all test specimens were consistent and proper 

dimensions were used during analysis.  Values for 0.2% offset yield strength, ultimate tensile 

strength, and total elongation were determined based on the load cell and extensometer data.  

Uniform elongation was determined by use of Considère’s construction [70]. 

3.7.1 As-received Material Specimens 

The three alloys in the as-received condition were tested using the standard round ASTM 

E8 geometry [71].  Appendix B gives the specific specimen geometry.  The as-received material 

was tested on an Instru-met A30-33 elecro-mechanical frame with an Instron 89,000 N (20,000 

lbf) load cell.  A 25.4 mm (1 in) Shepic extensometer capable of 12.7 mm (0.5 in) of extension 

was used to determine the elongation of each specimen.   

3.7.2 Heat Treated Specimens 

Specimens processed using specific thermal simulations were tensile tested using a sub-

sized round tensile geometry.  First, tensile blanks were heat treated using stainless steel hot grips 

backed with screw jacks in the Gleeble® 1500 thermomechanical simulator.  The 12 mm (0.472 

in) diameter, 86 mm (3.386 in) long, tensile blanks were heat treated utilizing the hot grips to 

increase the uniformly heated/cooled region of the blank.  This ensured the gauge section of the 

tensile specimen would have a uniform microstructure.  Appendix B provides the specific 

specimen geometry.   
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Figure 3.15 shows an image of a stainless steel hot grip.  The relatively low thermal 

conductivity of stainless steel as well as the reduced contact area with the specimen and pocket 

jaw setup greatly reduces conduction and improves the uniform temperature region in the 

specimen.   

Figure 3.16 shows the measured thermal differentials on a tensile blank cycled through a 

thermal simulation with a 15 min hold at 1150 °C (2102 °F).  The temperature differential was 

assumed to be symmetric about the center of the specimen; therefore, the differences were only 

measured on one side of the specimen.  Measurements were made at 5 and 10 mm (0.197 and 

0.394 in) from the center of the specimen where the control thermocouple was located.  The 

temperature difference between the center and the thermocouple at 10 mm (0.394 in) was less 

than 1 pct while the temperature difference between the center and the 5 mm (0.197 in) 

thermocouple was negligible. 

 

 

Figure 3.15 Stainless steel hot grip used to heat treat 12 mm (0.472 in) diameter tensile 
blanks in the Gleeble® 1500. 

 

The thermal gradient data were utilized to develop the sub-standard tensile specimen 

geometry.  A gage section of 12 mm (0.472 in), 6 mm (0.236 in) on either side of the center, was 

deemed sufficient to ensure only the microstructurally homogenous section of the specimen is 

tensile tested.  Appendix B gives the specific specimen geometry.  Figure 3.17 shows the as-

machined tensile blank, the heat treated tensile blank, and the as-machined tensile specimen from 

top to bottom.  The thermally processed specimens were tested on an MTS hydraulic LVDT 

frame with an MTS 98,000 N (22,000 lbf) load cell.  An 8 mm (0.315 in) MTS extensometer 

capable of 1.2 mm (0.047 in) of extension was used to determine the elongation of each 

specimen. 
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Figure 3.16 Temperature difference from the center to 5 and 10 mm (0.197 and 0.394 in) for 
the tensile blank specimen geometry for a heat treatment which included a 
15 min hold at 1150 °C (2102 °F).   

 

 

Figure 3.17 The evolution of a heat treated tensile specimen.  From top to bottom:  the as 
machined condition prior to heat treatment, the as heat treated condition, and the 
as machined condition after heat treatment. 

3.8 Hot Uniaxial Compression Testing 

All compression testing was conducted at 1000 °C(1832 °F) using the ISO-TTM 

compression anvils in the Gleeble® 1500.  Figure 3.18 shows a compression specimen before and 

after testing.  Lubrication was provided by a single layer of 0.254 mm (0.010 in) graphite foil on 

either end of the specimen between two layers of 0.254 mm (0.010 in) tantalum foil, which was 

used as a diffusion barrier.  Test trials were conducted using multiple layers of graphite foil; 

however, a single layer was found sufficient to minimize barreling.  A true strain of 0.5 was 

targeted during testing; however, slightly more deformation was achieved, 0.52 ± 0.02 (40.7 ± 1.1 

pct reduction).  A constant strain rate of 1.0 was achieved by the use of a 4 mm (0.1575 in) slack 
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coupler.  The slack coupler allowed the hydraulic ram to be slightly retracted before being 

accelerated to compress the test specimen.  This retraction ensured a constant ram velocity upon 

initial contact and during compression. 

  
(a) (b) 

Figure 3.18 Compression specimen (a) before and (b) after testing. 

 

Three shape coefficients were used to confirm the alignment of the platens and the 

validity of each test from the initial and final specimen geometry [72].  The barreling coefficient, 

B, which is a ratio of the final volume over the initial volume of the test specimen calculated from 

the mean heights, hf and ho, and the mean diameters, df and do as: 

 
2

2

oo

ff

dh

dh
B =  (3.7) 

Figure 3.19 shows the approximate location of both height and diametrical measurements.  All 

height measurements were made with a micrometer (0.005 mm/0.0001 in resolution) and all 

diametric measurements with a caliper (0.005 mm/0.0005 in resolution).  Four measurements for 

each dimension in the initial and final specimen geometry were done to develop reasonable 

statistics for each test.  Barreling is caused by both friction at the specimen/platen interface as 

well as thermal gradients within the specimen.  The ovality coefficient, Ov, which is defined as 

the ratio of the maximum and minimum final diameters, df
max and df

min respectively, of the 

specimen post test is determined by: 
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Ovality is influenced by texture as well as microstructural effects on the deformation behavior.   

The height coefficient, H, which is defined as the ratio of the standard deviation of the four height 

measurements, Shf, and the mean height, hf, of the specimen after testing is calculated from: 
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This height coefficient may indicate whether or not the platens are parallel. 

Table 3.6 shows the ideal values for determining a test’s validity as well as values 

observed in this study.  The mean and standard deviation for all 30 compression tests is presented.  

The barreling and ovality coefficients are within recommended values; however, the height 
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coefficient was well above what is considered to be valid.  In this instance the height coefficient 

is skewed due to the ends of the specimens cupping and trapping the graphite and Ta foils under 

the center of specimen.  This phenomenon was determined to be unavoidable under the test 

conditions and machine setup. 

 

  
(a) (b) 

Figure 3.19 Schematics of a compression specimen from (a) the top view and (b) the side view 
before (initial) and after (final) testing.  Approximate locations where both the 
height and diametrical measurements were taken are indicated.  Adapted from 
[72]. 

 

Table 3.6 – Ideal and observed shape coefficients for uniaxial compression testing [72]. 

Coefficient Barreling (B) Ovality (Ov) Height (H) 

Ideal Value ≤1.10 1.00 ≤ 0.04 

Observed Value 1.04 ± 0.01 1.01 ± 0.01 0.16 ± 0.07 
 

3.9 Electrochemical Precipitate Extraction 

Quantification of microalloy concentrations in solution as well as in precipitate form was 

done by electrolytically extracting the precipitates from the ferrite in the heat treated and 

as-received material specimens.  The ferrite was selectively dissolved electrochemically (aka 

electrochemical dissolution) using a non-aqueous electrolyte.  The extracted precipitates were 

filtered from the electrolyte and digested in strong acids before being analyzed via inductively 

coupled plasma mass spectrometry (ICP-MS).  All chemicals used in this technique were ACS 

(American Chemical Society) reagent grade or better. 

3.9.1 Electrochemical Dissolution Procedure 

A procedure was developed so that only the ferrite was preferentially dissolved during 

testing leaving carbides, nitrides, and inclusions unaffected.  Electrolytic extraction of precipitates 

and intermetallic compounds from metals has been done for years.  The technique being used in 
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this study is referred to as “Selective Potentiostatic Etching by Electrolytic Dissolution” or 

“SPEED” and was first developed in the late 1970s to look at precipitates and grain orientations 

in steel [55]. 

Using the SPEED method, a potential is applied between a working electrode (specimen) 

and a counter electrode suspended in a non-aqueous electrolyte of methanol (MeOH), 10 pct 

acetylacetone (ACAC), and 1 pct tetramethylammonium chloride (TMAC).  The potential is kept 

constant by use of a reference electrode, typically a saturated calomel electrode (SCE), and a salt 

bridge such as a Luggin capillary tube.  Figure 3.20 shows potentiodynamic polarization curves 

for carbon steel (ferritic matrix), stainless steel (austenitic matrix), Fe3C, AlN, V3C4, and TiN 

[57, 58].  The high current density of the carbon and stainless steels achieved at relatively low 

applied potentials compared to the MA carbides and nitrides ensures that the carbon and stainless 

steel matrix is preferentially dissolved leaving the carbides and nitrides virtually unaffected.  

Based on the polarization curves shown in Figure 3.20 any current density that results in a surface 

potential below +800 mV versus SCE will preferentially dissolve the steel matrix prior to any 

carbides or nitrides.  Therefore, potentials below +800 mV (SCE) are known as the range of 

“extractable potentials.” 

 

Figure 3.20 Potentiodynamic curves for carbon steel, stainless steel, and select carbides and 
nitrides in a non-aqueous electrolyte of methanol, 10 pct acetylacetone, and 1 pct 
tetramethylammonium chloride.  Data re-plotted from Kurosawa et al. [57, 58]. 

 
A simplified variation of the SPEED method was developed to electrolytically extract 

AlN and V(C,N).  The most significant deviation from the SPEED method described above was 

the discontinued use of a potentiostat and reference electrode.  Instead, the specimens were 

polarized under current control using a direct current power supply.  The justification for this 
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approach is two-fold:  1) limited access to a potentiostat and 2) anomalous current readings 

observed when operating under voltage control with reference electrode feedback.  Polarizing the 

specimen under current control using a direct current power source allows the flow of electrons to 

be held constant and allows for close control of the desired mass loss according to Faraday’s first 

law of electrolysis.  Faraday’s first law states the mass of any substance dissolved at an electrode 

is proportional to the quantity of electricity passed through the electrode.  Faraday’s first law is 

defined as: 

 

Fn

tIW
m=

 
(3.10) 

where m is the mass (g) of atoms discharged of relative atomic mass W by the passage of current 

I(A) for a time t(s), n is the valence of the atom, and F is the Faraday’s constant (96,500 C) [73].  

Figure 3.21 shows the rate of mass loss for 53 specimens polarized under current control at 

currents ranging from 30 to 300 mA using a programmable direct current power supply.  The 

mass loss rate was very consistent between the three alloys used in this study.  A very strong 

linear relationship is observed between mass loss rate and the applied current, as predicted by 

Equation (3.10). 

 

Figure 3.21 Rate of mass loss as a function of current for the alloys used in this study.  A total 
of 53 specimens are potted. 

 
Since the power supply was to be used for dissolution instead of a potentiostat, 

calibration curves were developed to relate potentiodynamic polarization curves for the species of 

interest (i.e. AlN and V3C4) to output from the power supply.  Figure 3.22 shows the basic 

geometry of the electrochemical cell used in dissolution experiments as well as development of 

the calibration curves.  The numbered locations around the platinum (Pt) mesh counter electrode 
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and the specimen are locations in which an SCE was used to measure potential while a specimen 

was polarized with 10, 20, 50, 100, 150, and 200 mA.  Figure 3.23 shows the curves for the 

potential output of the power supply as well as the three separate locations around the specimen 

measured via SCE.  Table 3.7 provides the polynomial regression coefficients as well as the 

coefficient of determination (R2) for the curves in Figure 3.23.   

 

Figure 3.22 Schematic of electrochemical cell used to determine calibration curves.  The 
specimen, counter electrode, and saturated calomel electrode (SCE) positions (1, 
2, and 3) are indicated. 

 

 

Figure 3.23 Calibration curves relating the direct current power supply to saturated calomel 
electrode (SCE) readings at three different locations around the specimen. 

 
The curves indicate that when the specimen is polarized using less than 50 mA the 

maximum potential at the specimen surface (+720 mV at position 2) will be less than the 

maximum extractable potential of +800 mV determined from Figure 3.20.  Since the specimen 

geometry was measured prior to developing the calibration curve, the current was normalized by 

the area (330 mm2) and a critical current density was defined.  Above a current density of 152 

A/m2 indicates the potential at the specimen surface may be greater than +800 mV (SCE) and 

therefore outside the extractable potential range of interest.  Determining a critical current density 
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allows different specimen geometries to be used as needed because the applied current of each 

specimen can be adjusted to maintain less than +800 mV (SCE) at the specimen surface. 

 

Table 3.7 – Polynomial regression coefficients for the calibration curves. 

Y = β1 + β2X + β3X
2 

 
β1 β2 β3 R2 

Power Supply 0.0000 71.2560 -0.0625 0.9981 

SCE at #1 31.6859 50.9104 -0.0320 0.9991 

SCE at #2 -332.3731 21.8324 -0.0217 0.9991 

SCE at #3 -294.6095 11.6224 -0.0254 0.9989 
 

3.9.2 Specimen Preparation 

Two specimen types were electrochemically dissolved:  1) the as-received material 

specimens and 2) the heat treated specimens that experienced no deformation.  All specimens 

were cylindrical with a diameter of 10 mm (0.394 in).  The as-received specimens had a height of 

15 mm (0.591 in) while the height of the heat treated specimens ranged from 5 to 8 mm (0.197 to 

0.315 in).  Figure 3.24 shows a specimen prepared for electrochemical dissolution.  The surface 

of the specimens was prepared for dissolution using a 320 grit Al2O3 flap sanding wheel.  A 30 

gage (AWG) silver plated copper wire with polyvinylidene fluoride (PVDF) insulation was spot 

welded to one end of each specimen.  The end of the specimen in which the wire was welded was 

sealed using a room temperature vulcanizing (RTV) silicone and allowed to dry for a minimum of 

24 hours prior to testing.  After drying, each specimen was measurements with a caliper (0.005 

mm/0.0005 in resolution) to ensure all test specimens maintained a current density of 150 A/m2 or 

less.  From the calculated current the test duration was adjusted to maintain a total mass loss of no 

more than 0.35 g which was determined to be close to the solubility limit of iron (Fe) in 

approximately 200 mL of the electrolyte. 

 

Figure 3.24 Electrochemical dissolution specimen.   
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3.9.3 Electrochemical Cell 

Before constructing the electrochemical cell and between tests all components were 

thoroughly cleaned using a glassware detergent and tap water, rinsed with deionized water (DI), 

soaked for 20 minute in a 3:1 DI water and hydrochloric acid (HCl) bath, rinsed with methanol, 

and allowed to rack dry.  Figure 3.25 shows all of the components of the electrochemical cell.  

The electrochemical cell is constructed by placing the glass spacer (5) into the bottom of the 

reaction kettle (1) followed by the crystallizing dish (4).  The top is placed on the kettle (2) and 

the clamp (3) is used to seal the cell.  There are three ports in the reaction kettle top that are the 

same in diameter.  The center port is for the test specimen, which is held in position using a 

translucent silicone stopper (9) while the other two ports are for either the universal adapter (7) 

with the gas inlet tube (8) or the Pt mesh counter electrode held in place with a translucent 

silicone stopper (9).  The electrolyte (200 mL) is poured into the cell using a long stem funnel via 

the tall open port and then the port is sealed using the smaller black silicone stopper (9).  An 

argon (Ar) gas source is attached to the inlet tube and adjusted so that the flow rate is slow 

enough to see individual bubbles release from the tube into the electrolyte.  The pressure is 

released from the cell via the outlet tube on the universal adapter.  The outlet gas is routed to a 

bubbler that ensures a slight positive pressure is always maintained in the cell.  Figure 3.26 shows 

the assembled electrochemical cell as well as the location of important components. 

 

Figure 3.25 Components of the electrochemical cell. 

 
Before testing, each specimen was ultrasonically cleaned in methanol for approximately 

5 minutes, allowed to dry, and weighed using a digital laboratory balance with a resolution of 

0.0001 g.  The specimen was placed in the center port of the electrochemical cell and held in 

position using a silicone stopper approximately 10 mm (0.394 in) above the bottom of the 

crystallizing dish.  The Pt mesh counter electrode was positioned in the same manner only in a 

side port.  Alligator clips were attached to the Pt counter electrode (black/negative) and the test 
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specimen (red/positive).  The test current and time were entered into the direct current power 

supply and the test was started. 

 

Figure 3.26 Electrochemical cell used in all dissolutions. 

3.9.4 Filtration 

The filtration apparatus is first cleaned using the same procedure as the electrochemical 

cell prior to use and between tests.  Figure 3.27 shows the components of the filtration apparatus.  

The apparatus is assembled by placing the silicone stopper (4) onto the fritted base (3) and 

inserting them into the top of the filtering flask (5).  An oil-less diaphragm vacuum pump is 

attached to the outlet of the filtering flask (5) and activated.  The air flow through the fritted base 

(3) facilitates placing a 47 mm (1.85 in) polycarbonate filter (10 nm pore size) on the fritted base.  

The graduated funnel (1) is then held in place on top of the filter and held in place by a clamp (2).  

Once the vacuum is activated it is not turned off until all the electrolyte has been sucked through 

the filter and the filter has been thoroughly rinsed with methanol.  This method ensures no losses 

occur due to leaks around the filter. 

 

Figure 3.27 Filtration apparatus used to separate the precipitates from the electrolyte. 
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Once the test has stopped, the electrochemical cell is disassembled completely and rinsed 

into the funnel of the filtering apparatus using methanol.  The specimen is first removed and 

placed into a test tube under methanol until the end of the filtering.  The majority of the visible 

particles developed during testing adhere to the specimen and therefore are kept aside during the 

majority of the filtering to minimize losses by particle adhesion to the funnel walls.  The Pt mesh 

counter electrode and the gas inlet tube are placed in the crystallizing dish with the electrolyte and 

ultrasonically cleaned for 5 minutes while other components are being rinsed into the filtration 

funnel.  The dark red color of the electrolyte after testing assisted in ensuring all of the residue 

was rinsed into the filtering apparatus.  Once the electrolyte was completely filtered, the specimen 

was ultrasonically cleaned for 5 minutes in the test tube and the contents were emptied into the 

filtration funnel.  The test tube was filled with methanol and the specimen was ultrasonically 

cleaned a second time to ensure removal of any remaining residue.  After all liquid was filtered 

methanol was used to rinse the filtered residue several times before deactivating the vacuum and 

moving the filter to a Berzelius tall form beaker (200 mL) and covered with paraffin.  The 

contents of the filtration flask were poured into a 500 mL Class A (± 0.20 mL) volumetric flask 

with 5 mL of nitric acid (HNO3) and diluted to the 500 mL volume with methanol.  After 

thoroughly mixing the filtered liquid, HNO3, and methanol the solution was poured into 15 mL 

polyethylene centrifuge tubes for quantitative chemical analysis. 

3.9.5 Filter Digestion 

The residue and filter were digested before being sent for quantitative chemical analysis.  

The entire digestion procedure was done inside of a ventilation hood using proper safety 

equipment.  First, 10 mL of HNO3 (67-70 pct assay) were added to the residue and filter in a 

Berzelius tall form beaker (200 mL) covered with a watch glass, the contents were heated on a 

hot plate to approximately 120 °C (250 °F), and allowed to reflux for 2 hours.  At temperature, 

15 mL of hydrogen peroxide, H2O2, (30 pct concentration in water) was added to the solution 

incrementally to avoid boiling over.  The solution was allowed to evaporate until approximately 

5 mL of solution remain and then allowed to cool to below approximately 50 °C (120 °F) before 

adding 15 mL of sulfuric acid, H2SO4, (98 pct assay) and heating to approximately 280 °C 

(535 °F) under reflux for 2 hours.  At temperature, 25 mL of H2O2, was added to the solution 

incrementally to avoid boiling over and allowed to evaporate until 10 mL remain.  Once the 

solution cooled to room temperature it was poured into 100 mL Class A (± 0.10 mL) volumetric 

flask and diluted to the 100 mL volume with deionized ultra filtered (DIUF) water.  After 



 

55 

thoroughly mixing, the solution was poured into 15 mL polyethylene centrifuge tubes for 

quantitative chemical analysis. 

3.9.6 Quantitative Chemical Analysis 

Analysis of the electrolyte and digested precipitates was done using inductively coupled 

plasma mass spectroscopy (ICP-MS).  ICP-MS is the most commonly used technique for trace 

metals analysis because it can quantitatively determine both compositions of the precipitates and 

the matrix with parts per billion (ppb) to parts per trillion (ppt) resolution.  Table 3.8 provides 

reported theoretical lower limits of detection for some common elements of interest in electrolytic 

extraction techniques using ICP-MS [60-61]. 

The ICP-MS system used in this study utilizes an ultrasonic nebulizer to introduce a 

liquid specimen into an Ar plasma which ionizes the atoms.  The signal that is recorded is the 

mass-to-charge ratio. The data can be analyzed knowing the relative abundance of each element’s 

isotopes to give a concentration of an element in the specimen.  The weight percent of an element 

in the specimen can be determined using the total mass lost during dissolution, volume of the 

final solution, and concentration of the element. 

 

Table 3.8 – Theoretical lower limit of detection for ICP-AES and ICP-MS for select elements 
in ppb (µg/L) [60-61]. 

 Al B Cr Mo Nb V Ti 

ICP-MS 0.001 0.05 0.0005 0.0005 0.001 0.0005 0.001 
 

 

All chemical analysis via ICP-MS was done utilizing the same external testing lab, the 

Laboratory for Environmental and Geological Studies (LEGS) at the University of Colorado, 

Boulder.  Two sets of specimens were sent to the lab approximately two months apart.  Control 

specimens of all three experimental alloys were submitted with each set to ensure any systematic 

error could be properly determined.  Figure 3.28 shows the results for Al and V from the two sets 

of control specimens versus the nominal composition of the three experimental alloys determined 

via optical emission spectrometry (OES).  Both sets of control specimens showed systematic error 

with regard to Al content.  An ordinary least-squares fit through the origin explained greater than 

99.9% of the variation in the results for each set indicating the source of the systematic error is 

likely a difference in calibration.  The Al data were therefore adjusted to reflect a common 

calibration to facilitate a direct comparison between the two sets.  The V data were consistent 

between the two sets and therefore not adjusted. 
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(a) (b) 

Figure 3.28 Comparison of ICP-MS and OES chemical analysis results for (a) Al and (b) V.  
Two sets of specimens were submitted for analysis. 
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CHAPTER 4 

RESULTS 

This chapter presents results from this research project.  First, relevant hardness, 

chemical analysis, quantitative metallographic, and tensile testing results from the three alloys in 

the as-received condition are presented.  Preliminary dilatometry and aging study results are 

presented that were used to validate thermal simulation parameters prior to executing the 

experimental plan.  Lastly, quantitative metallographic and hardness testing data are presented for 

all thermal and thermomechanical simulations followed by results from all additional testing 

including electrochemical extraction of precipitates, tensile tests, and TEM conducted on 

specimens from select thermal simulations. 

4.1 As-Received Material Characterization 

Analysis of the edge, mid-radius, and center of bars of each alloy indicated the 

mid-radius region was the most consistent for hardness, chemistry, and microstructure amongst 

all three alloys.  Data presented in this section is from the mid-radius of the bar only.  Results and 

analysis of all regions of the bar examined for all three alloys are given in Appendix A. 

4.1.1 Hardness Testing 

Micro and macrohardness testing was conducted on specimens in the transverse direction 

while only microhardness was conducted in the longitudinal direction.  Table 4.1 shows the mean 

and 95 pct confidence interval for both micro and macrohardness results for the three alloys in the 

longitudinal and transverse directions.  The macrohardness results in the transverse direction were 

consistent amongst the three alloys; however, a variation in microhardness was observed in the 

same direction.  Although not statistically significant, an increase in microhardness was observed 

with increasing Al content. 

 

Table 4.1 – Hardness data from the mid-radius of the as-received material in the longitudinal and 
transverse directions, the mean ± 95 pct confidence interval is reported 

Microhardness (HV1000) Macrohardness (HV) 
Alloy 

Longitudinal Transverse Longitudinal Transverse 

6Al 274.5 ± 4.8 267.8 ± 4.8 --- 267.0 ± 3.2 
20Al 274.6 ± 1.9 270.5 ± 4.9 --- 271.4 ± 2.8 
31Al 285.6 ± 6.0 290.6 ± 5.2 --- 272.0 ± 3.2  
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4.1.2 Chemical Analysis 

Chemical analysis was done on a transverse cross-section of a bar for each alloy.  Data 

for C, Mn, V, and Al are from an OES traverse across the cross-section while the data for N is 

from inert gas fusion of specimens from the mid-radius only.  Table 4.2 shows the mean and 

standard deviation for C, Mn, V, and Al (11 tests per element) as well as for N (8 tests).  Data for 

C, Mn, and V show good consistency between the three alloys.  Data for Al is very consistent 

within each alloy.  Figure 4.1 shows N as a function of Al content in wt pct.  Some variability 

was observed in the N data suggesting a mean nitrogen increase, as well as increased variability, 

with increased Al content.  However, the difference in mean N content between the three Al 

contents is not statistically significant. 

 

Table 4.2 – Chemical composition for the as-received material taken from a traverse 
cross-section, the mean ± one standard deviation is reported. 

wt pct C Mn V Al N* 

6Al 0.37 ± 0.01 1.38 ± 0.01 0.089 ± 0.001 0.006 ± 0.000 0.0154 ± 0.0002 
20Al 0.36 ± 0.02 1.36 ± 0.02 0.087 ± 0.002 0.020 ± 0.000 0.0155 ± 0.0005 
31Al 0.36 ± 0.02 1.38 ± 0.03 0.089 ± 0.002 0.031 ± 0.001 0.0158 ± 0.0009 

* Data from mid-radius only. 

 

 

 

Figure 4.1 Nitrogen content of material from the mid-radius of each alloy.  Error bars 
represent ± one standard deviation from the mean nitrogen content. 
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4.1.3 Microstructure 

Quantitative metallographic analysis of the three alloys at the bar mid-radius in the as-

received condition includes areal fractions of microstructural constituents, ferrite grain size, and 

inclusion analysis.  Figure 4.2 shows representative light micrographs for the 20Al alloy in the as-

received condition both in the longitudinal and transverse directions from the mid-radius of the 

bar.  All alloys exhibited a ferrite-pearlite microstructure with MnS inclusions elongated in the 

rolling direction.  Proeutectoid ferrite nucleated both as allotriomorphic ferrite at austenite grain 

boundaries and intragranular idiomorphic ferrite on inclusions.  Table 4.3 shows the mean and 

95 pct confidence interval for areal fractions of pearlite and ferrite at the bar mid-radius in both 

longitudinal and transverse directions.  The fractions were relatively consistent among the three 

alloys with approximately 80 pct pearlite and 20 pct ferrite in both longitudinal and transverse 

directions.  Table 4.4 shows the mean and 95 pct confidence interval for ferrite grain size of the 

three alloys in the longitudinal and transverse directions.  The data indicate the ferrite grain size is 

constant amongst the three alloys in the transverse direction; however, the ferrite grain aspect 

ratio suggests decreased ferrite grain elongation with increased Al content. 

  
(a) (b) 

Figure 4.2 Representative light micrographs of the as-received 20Al alloy in the (a) 
longitudinal and (b) transverse directions along the mid-radius of the bar etched 
with 4 pct picral. 

Table 4.3 – Microstructural constituent data from the mid-radius of the as-received material in the 
longitudinal and transverse directions, the mean ± 95 pct confidence interval is reported. 

Pearlite Fraction Ferrite Fraction 
Alloy 

Longitudinal Transverse Longitudinal Transverse 

6Al 0.77 ± 0.02 0.80 ± 0.02 0.22 ± 0.02 0.19 ± 0.02 
20Al 0.77 ± 0.03 0.80 ± 0.03 0.22 ± 0.03 0.18 ± 0.03 
31Al 0.80 ± 0.02 0.79 ± 0.02 0.19 ± 0.02 0.19 ± 0.03  
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Table 4.4 – Ferrite grain size data from the mid-radius of the as-received material in the 
longitudinal and transverse directions, the mean ± 95 pct confidence interval is reported. 

Alloy Longitudinal Transverse Aspect Ratio (L/T) 

6Al 19.2 ± 1.4 13.5 ± 1.0 1.42 ± 0.10 
20Al 16.4 ± 1.1 12.7 ± 1.4 1.29 ± 0.13 
31Al 15.3 ± 1.2 13.6 ± 1.6 1.13 ± 0.14  

 

4.1.4 Tensile Testing 

Three ASTM E8 [71] tensile specimens, geometry provided in Appendix B, were taken 

from the mid-radius of each alloy, in the longitudinal direction.  Figure 4.3 shows representative 

engineering stress-strain curves for each alloy.  The criterion for selecting representative stress-

strain curves was the location at which the tensile specimen failed within the extensometer.  The 

three specimens shown failed directly in the middle of the extensometer.  Engineering stress-

strain curves for all specimens in the as-received condition are provided in Appendix C.  Table 

4.5 shows a summary of all tensile testing data from the three alloys in the as-received condition.  

Only a slight difference in tensile behavior was observed. The properties of the 31Al and 20Al 

alloys are very similar; however, the 6Al alloy has a slightly lower yield strength and ultimate 

tensile strength with a higher total elongation and reduction in area than the 31Al and 20Al 

alloys. 

 

Figure 4.3 Representative engineering stress-strain tensile curves of the as-received 6Al, 
20Al, and 31Al alloys tested at room temperature. 
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Table 4.5 – Uniaxial tensile test data for the as-received material from the mid-radius of the bar, 
the mean ± one standard deviation is reported. 

Yield Strength 
(0.2% Offset) 

Ultimate Tensile 
Strength 

Uniform 
Elongation 

Total 
Elongation 

Reduction in 
Area Alloy 

MPa (ksi) MPa (ksi) pct pct pct 

6Al 
584.4 ± 3.0 
(84.8 ± 0.4) 

880.7 ± 6.5 
(127.7 ± 0.9) 

10.3 ± 0.2 22.7 ± 0.7 21.2 ± 0.4 

20Al 
602.3 ± 4.3 
(87.4 ± 0.6) 

903.1 ± 6.4 
(131.0 ± 0.9) 

10.0 ± 0.2 20.8 ± 0.9 16.8 ± 0.7 

31Al 
604.3 ± 6.3 
(87.6 ± 0.9) 

904.9 ± 6.3 
(131.2 ± 0.9) 

10.1 ± 0.2 21.0 ± 0.7 17.2 ± 0.5 
 

 

4.2 Validation of Thermal Simulation Procedure 

The thermal and thermomechanical simulations were developed to have a slow cool, 

0.25 °C/s (0.45 °F/s), from 750 to 500 °C (1382 to 932 ±F) followed by a die quench to room 

temperature.  Dilatometry was conducted on the three alloys to better understand the temperature 

range over which transformations occur during the 0.25 °C/s (0.45 °F/s) cooling stage and to 

ensure a ferrite/pearlite structure typical of air-cooled forgings was achieved.  An aging study was 

conducted to understand whether or not an additional hold at 500 °C (932 °F) would help to 

increase V(C,N) precipitation. 

4.2.1 Dilatometry 

A total of six dilatometry specimens were tested, two of each alloy, 10 mm (0.394 in) in 

diameter and 86 mm (3.386 in) in length.  Each specimen was cycled through an initial stress 

relieving step (645 °C/1163 °F for 10 min) to dimensionally stabilize the specimen before cycling 

it through a heating and cooling sequence identical to those described in Sections 3.3.1 and 3.3.3, 

respectively, with a hold at 900 °C (1652 °F) for 5 min. 

Figure 4.4a shows a representative dilation strain versus temperature curve while Figure 

4.4b shows the temperature versus time curve for the same specimen.  The critical temperatures 

identified during testing are indicated in addition to the specific steps in the thermal cycle 

programmed into the Gleeble®.  Notice the time-temperature plot has the idealized program data 

along with the actual specimen data.  The specimen data lie directly over the top of the program 

indicating the Gleeble® maintains accurate temperature control during the entire cycle.  Steps 3 

and 9 in Figure 4.4b are programmed to cut all power resistively heating the specimen, allowing 

the specimen to cool via heat extraction from the dies.  Table 4.6 provides a summary of the 
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critical temperatures determined.  No significant difference between the critical temperatures for 

three alloys was observed.  

 

  
(a) (b) 

Figure 4.4 Representative (a) temperature versus engineering strain plot and (b) time versus 
temperature plot for the dilatometry performed on two specimens of each 6Al, 
20Al, and 31Al alloys.  The critical temperatures determined from each test as 
well as their general temperature are indicated in plot (a).  Each step in the 
program of the dilatometry test is provided in plot (b). 

 

Table 4.6 – Critical temperatures determined from dilatometry for the three alloys in the 
as-received condition. 

Critical Temperature (°C) 
Alloy Specimen 

Ac1 Ac3 Fs Ps Pf 

1 742 859 694 623 558 
6Al 

2 743 856 699 625 552 
1 746 868 696 631 552 

20Al 
2 749 855 703 628 550 
1 748 866 704 630 552 

31Al 
2 748 844 694 626 555 

Mean ± One Standard Deviation 746 ± 3 858 ± 9 698 ± 4 627 ± 3 553 ± 3  
 

Light microscopy, macrohardness, and microhardness were conducted on all dilatometry 

specimens.  Figure 4.5 shows representative light micrographs of dilatometry specimens from the 

20Al alloy at 100x and 500x magnifications.  Considerable grain refinement was achieved when 

compared to the mid-radius transverse micrographs in the as-received condition previously 
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presented in Figure 4.2.  Table 4.7 summarizes the areal fractions of ferrite and pearlite as well as 

macro and microhardness testing conducted on the dilatometry specimens.  A considerable 

reduction in the area fraction of pearlite as well as hardness from the as-received condition is 

observed.  A slight decrease in hardness is observed with both increasing pearlite area fraction 

and Al content.  Although not statistically significant, the result is contrary to that of the as-

received material. 

 

100x 500x 

  
(a) (b) 

Figure 4.5 Representative light micrographs from transverse cross-sections of dilatometry 
specimens for the 20Al alloy at (a) low magnification and (b) high magnification 
etched with 4 pct picral.  The low magnification micrograph is provided for 
direct comparison to as-received micrographs previously presented. 

 

Table 4.7 – Constituent fraction and hardness data for dilatometry specimens in the transverse 
direction, the mean ± 95 pct confidence interval is reported. 

Alloy 
Pearlite 
Fraction 

Ferrite 
Fraction 

Microhardness 
(HV1000) 

Macrohardness 
(HRB) 

6Al 0.63 ± 0.01 0.36 ± 0.01 233.1 ± 1.9 97.1 ± 0.4 
20Al 0.67 ± 0.01 0.32 ± 0.01 231.2 ± 1.8 97.0 ± 0.6 
31Al 0.68 ± 0.01 0.31 ±0.02 230.3 ± 1.7 96.4 ± 0.4 

 

4.2.2 Aging 

Thermal simulations were conducted with the 6Al alloy at a holding temperature of 

1100 °C (2012 °F) for 5 min with an additional hold during cooling at 500 °C (932°F) for 30 and 

60 min.  Figure 4.6 shows the results of the aging study.  No significant change in hardness was 

observed by holding the specimen at 500 °C for 30 or 60 min; therefore, no additional hold at 

500 °C (932°F) was added to the simulations. 
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Figure 4.6 Hardness data from aging study conducted on the 6Al alloy to determine if an 
increase in hardness can be observed from additional precipitation of V(C,N) 
with increasing hold time at 500 °C (932 °F).  Error bars represent ± one standard 
deviation from the mean hardness. 

4.3 Thermal Simulations 

Results from quantitative metallography, microhardness, and macrohardness testing 

conducted on specimens processed through thermal simulations are presented in this section. 

4.3.1 Microstructure 

Thermal simulations, designated by hold time in minutes – hold temperature in °C, used a 

relatively slow cooling rate, as described in Section 3.3.3, which resulted in a ferrite-pearlite 

microstructure.  Figure 4.7 shows an example light micrograph from a 20Al specimen that 

exhibits microstructural features common to all alloys and conditions.   

 

Figure 4.7 Example light micrograph of a 20Al specimen from thermal simulations 
exhibiting commonly observed microstructural features. 
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Proeutectoid ferrite was observed both as idiomorphic and allotriomorphic in 

morphology.  Idiomorphic ferrite, or ferrite that reflects its internal crystal symmetry within the 

parent austenite, nucleated as both intragranular ferrite and as grain boundary ferrite.  The 

intragranular ferrite appeared to nucleate on non-metallic inclusions, primarily MnS seen as black 

dots in the photomicrograph.  Allotriomorphic ferrite, or ferrite that does not reflects its internal 

crystal symmetry within the parent austenite, nucleated at austenite grain boundaries and outlines 

the majority of prior austenite grains within the final microstructure. 

Table 4.8, Table 4.9, and Table 4.10 summarize all quantitative microstructural analysis 

results for 6Al, 20Al, and 31Al specimens, respectively.  Pearlite and ferrite fractions as well as 

ferrite grain size was determined from analysis of light micrographs.  Pearlite interlamellar 

spacing (ILS) was determined from SEM images of specific conditions from which tensile 

specimens were made.  AGS was determined by examination of light micrographs from either 

4 pct picral or hot saturated picric acid in water etched specimens for 6Al and 31Al specimens at 

the three lower temperatures.  AGS was determined for these specific conditions to understand 

specific microstructural observations to be addressed in Chapter 5.  Representative light 

micrographs for all conditions, SEM images for ILS determination, and light micrographs for 

AGS determination are provided in Appendix D. 

Table 4.8 – Quantitative metallography data for 6Al specimens processed through thermal 
simulations, the mean ± 95 pct confidence interval is reported. 

Thermal 
Simulation 
(min-°C) 

Pearlite 
Fraction 

Interlamellar 
Spacing 

(µm) 

Ferrite 
Fraction 

Ferrite 
Grain Size 

(µm) 

Austenite 
Grain Size 

(µm) 

5-1050 0.75 ± 0.02 --- 0.23 ± 0.02 9.7 ± 0.4 32.1 ± 2.3 
15-1050 0.76 ± 0.04 --- 0.22 ± 0.03 9.8 ± 0.7 47.4 ± 2.5 
45-1050 0.83 ± 0.04 --- 0.14 ± 0.04 7.7 ± 1.0 49.3 ± 3.4 
5-1100 0.79 ± 0.01 --- 0.20 ± 0.01 10.0 ± 0.5 76.1 ± 3.5 
15-1100 0.82 ± 0.01 --- 0.16 ± 0.01 9.6 ± 0.9 82.4 ± 4.3 
45-1100 0.82 ± 0.03 0.170 ± 0.007 0.17 ± 0.03 9.2 ± 0.6 88.2 ± 3.1 
5-1150 0.78 ± 0.02 --- 0.21 ± 0.02 10.1 ± 0.3 86.5 ± 3.4 
15-1150 0.86 ± 0.02 --- 0.14 ± 0.02 7.3 ± 0.7 92.3 ± 2.4 
45-1150 0.86 ± 0.02 0.165 ± 0.007 0.14 ± 0.02 9.2 ± 1.0 117.5 ± 4.8 
5-1200 0.82 ± 0.01 0.169 ± 0.009 0.17 ± 0.01 10.5 ± 0.5 --- 
15-1200 0.83 ± 0.02 --- 0.16 ± 0.02 8.6 ± 0.4 --- 
45-1200 0.89 ± 0.02 0.173 ± 0.011 0.11 ± 0.02 9.5 ± 0.8 --- 
5-1250 0.83 ± 0.02 0.182 ± 0.011 0.16 ± 0.02 13.0 ± 0.7 --- 
15-1250 0.89 ± 0.01 --- 0.10 ± 0.01 9.2 ± 0.7 --- 
45-1250 0.89 ± 0.02 --- 0.10 ± 0.01 8.1 ± 0.6 ---  
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Table 4.9 – Quantitative metallography data for 20Al specimens processed through thermal 
simulations, the mean ± 95 pct confidence interval is reported. 

Thermal 
Simulation 
(min-°C) 

Pearlite 
Fraction 

Interlamellar 
Spacing 

(µm) 

Ferrite 
Fraction 

Ferrite 
Grain Size 

(µm) 

Austenite 
Grain Size 

(µm) 

5-1050 0.70 ± 0.02 --- 0.29 ± 0.02 10.1 ± 0.5 --- 
15-1050 0.72 ± 0.03 --- 0.27 ± 0.03 8.5 ± 0.6 --- 
45-1050 0.71 ± 0.02 --- 0.27 ± 0.02 8.2 ± 1.1 --- 
5-1100 0.77 ± 0.03 --- 0.22 ± 0.03 9.8 ± 1.0 --- 
15-1100 0.77 ± 0.04 --- 0.22 ± 0.04 10.7 ± 1.1 --- 
45-1100 0.82 ± 0.03 0.155 ± 0.005 0.16 ± 0.02 9.3 ± 1.4 --- 
5-1150 0.80 ± 0.03 --- 0.20 ± 0.03 9.6 ± 0.5 --- 
15-1150 0.83 ± 0.02 --- 0.16 ± 0.02 9.2 ± 0.3 --- 
45-1150 0.83 ± 0.04 0.181 ± 0.007 0.16 ± 0.04 10.6 ± 1.0 --- 
5-1200 0.82 ± 0.02 0.161 ± 0.008 0.18 ± 0.02 10.3 ± 0.9 --- 
15-1200 0.86 ± 0.02 --- 0.13 ± 0.02 8.7 ± 1.0 --- 
45-1200 0.89 ± 0.02 0.161 ± 0.009 0.11 ± 0.01 9.5 ± 0.4 --- 
5-1250 0.88 ± 0.02 0.173 ± 0.009 0.12 ± 0.02 11.8 ± 1.1 --- 
15-1250 0.88 ± 0.01 --- 0.12 ± 0.01 9.3 ± 0.5 --- 
45-1250 0.86 ± 0.01 --- 0.14 ± 0.01 9.1 ± 0.4 ---  

 

Table 4.10 – Quantitative metallography data for 31Al specimens processed through thermal 
simulations, the mean ± 95 pct confidence interval is reported. 

Thermal 
Simulation 
(min-°C) 

Pearlite 
Fraction 

Interlamellar 
Spacing 

(µm) 

Ferrite 
Fraction 

Ferrite 
Grain Size 

(µm) 

Austenite 
Grain Size 

(µm) 

5-1050 0.71 ± 0.02 --- 0.27 ± 0.03 7.0 ± 1.0 12.6 ± 4.5 
15-1050 0.66 ± 0.03 --- 0.32 ± 0.03 7.2 ± 0.7 13.6 ± 2.9 
45-1050 0.67 ± 0.02 --- 0.31 ± 0.02 8.0 ± 0.7 15.6 ± 3.6 
5-1100 0.71 ± 0.01 --- 0.28 ± 0.01 9.8 ± 0.5 14.6 ± 5.1 
15-1100 0.73 ± 0.04 --- 0.25 ± 0.04 8.6 ± 1.3 18.2 ± 4.3 
45-1100 0.71 ± 0.04 0.143 ± 0.005 0.28 ± 0.04 9.7 ± 0.8 20.5 ± 2.8 
5-1150 0.77 ± 0.02 --- 0.21 ± 0.02 9.5 ± 0.2 46.4 ± 2.1 
15-1150 0.80 ± 0.02 --- 0.19 ± 0.02 9.6 ± 0.6 45.6 ± 2.7 
45-1150 0.86 ± 0.03 0.178 ± 0.010 0.13 ± 0.03 9.4 ± 0.8 97.0 ± 3.9 
5-1200 0.83 ± 0.02 0.158 ± 0.007 0.16 ± 0.01 10.0 ± 0.8 --- 
15-1200 0.85 ± 0.03 --- 0.14 ± 0.03 8.3 ± 0.4 --- 
45-1200 0.88 ± 0.02 0.155 ± 0.006 0.11 ± 0.02 10.7 ± 1.1 --- 
5-1250 0.89 ± 0.02 0.170 ± 0.007 0.11 ± 0.02 11.8 ± 0.8 --- 
15-1250 0.89 ± 0.01 --- 0.10 ± 0.01 8.8 ± 0.6 --- 
45-1250 0.91 ± 0.02 --- 0.09 ± 0.01 8.2 ± 0.5 ---  
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A narrowing of the pearlite fraction range was observed with decreasing Al content.  The 

mean pearlite fraction for the conditions studied ranged from 0.75 to 0.89 for the 6Al, 0.70 to 

0.89 for the 20Al, and 0.66 to 0.91 for the 31Al alloy with typically less than 4 pct uncertainty at 

the 95 pct confidence level.  No clear relationship between Al content and ferrite grain size was 

observed.  The mean ferrite grain size ranged from 7.3 to 13.0 µm for the 6Al, 8.2 to 11.8 µm for 

the 20Al, and 7.0 to 11.8 µm for the 31Al alloy with a relatively high amount of uncertainty, 

typically on the order of 10 to 15 pct at the 95 pct confidence level.  For the conditions analyzed, 

the mean ILS range narrowed with increasing Al content.  The mean ILS ranged from 0.165 to 

0.182 µm for the 6Al, 0.155 to 0.181 µm for the 20Al, and 0.143 to 0.178 µm for the 31Al alloy 

with approximately 5 pct uncertainty at the 95 pct confidence level.  The mean AGS for the 

conditions examined shifted to lower values with increasing Al content.  The mean AGS varied 

from 32.1 to 117.5 µm for the 6Al and 12.6 to 97.0 µm for the 31Al with uncertainties that scale 

inversely with the AGS from < 5 pct to > 30 pct. 

4.3.2 Hardness Testing 

Hardness testing, both micro and macrohardness, was done in accordance with the 

procedures previously outlined in Section 3.6.  Table 4.11, Table 4.12, and Table 4.13 summarize 

all hardness testing results for 6Al, 20Al, and 31Al specimens, respectively.   

Table 4.11 – Hardness data for 6Al specimens processed through thermal simulations, 
the mean ± 95 pct confidence interval is reported. 

Thermal Simulation (min-°C) Microhardness (HV1000) Macrohardness (HV) 

5-1050 297.7 ± 3.5 262.6 ± 7.1 
15-1050 305.4 ± 4.1 263.9 ± 10.2 
45-1050 295.8 ± 3.2 265.3 ± 6.2 
5-1100 294.3 ± 2.8 267.6 ± 4.4 
15-1100 281.1 ± 2.3 271.5 ± 5.8 
45-1100 280.3 ± 2.1 267.0 ± 12.3 
5-1150 285.5 ± 2.8 266.2 ± 4.5 
15-1150 294.4 ± 3.0 275.2 ± 8.6 
45-1150 289.6 ± 2.4 266.9 ± 16.0 
5-1200 292.0 ± 2.6 270.7 ± 8.2 
15-1200 291.5 ± 2.6 266.0 ± 6.9 
45-1200 292.1 ± 2.0 262.6 ± 14.8 
5-1250 289.5 ± 2.5 273.3 ± 6.9 
15-1250 301.3 ± 2.5 279.2 ± 5.5 
45-1250 302.4 ± 1.7 257.0 ± 12.8  
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Table 4.12 – Hardness data for 20Al specimens processed through thermal simulations, 
the mean ± 95 pct confidence interval is reported. 

Thermal Simulation (min-°C) Microhardness (HV1000) Macrohardness (HV) 

5-1050 283.0 ± 2.8 252.0 ± 5.7 
15-1050 289.7 ± 3.8 255.3 ± 5.0 
45-1050 273.2 ± 2.8 244.5 ± 5.0 
5-1100 286.0 ± 2.7 261.9 ± 4.9 
15-1100 277.3 ± 2.6 260.7 ± 5.3 
45-1100 280.1 ± 2.5 256.5 ± 12.9 
5-1150 280.2 ± 2.6 264.7 ± 4.9 
15-1150 283.7 ± 2.5 267.3 ± 6.7 
45-1150 291.5 ± 2.3 261.5 ± 16.1 
5-1200 293.2 ± 2.1 272.4 ± 7.2 
15-1200 293.3 ± 2.1 271.1 ± 6.7 
45-1200 303.8 ± 2.0 283.9 ± 9.4 
5-1250 293.6 ± 2.0 276.1 ± 6.3 
15-1250 298.6 ± 1.9 279.0 ± 5.0 
45-1250 297.0 ± 2.1 278.5 ± 7.4  

 

Table 4.13 – Hardness data for 31Al specimens processed through thermal simulations, 
the mean ± 95 pct confidence interval is reported. 

Thermal Simulation (min-°C) Microhardness (HV1000) Macrohardness (HV) 

5-1050 269.9 ± 3.4 241.6 ± 7.0 
15-1050 277.9 ± 3.8 240.5 ± 8.1 
45-1050 257.7 ± 2.9 234.1 ± 7.0 
5-1100 273.0 ± 3.4 252.5 ± 7.1 
15-1100 261.8 ± 3.8 243.4 ± 9.0 
45-1100 252.4 ± 2.2 230.5 ± 16.3 
5-1150 276.9 ± 2.3 257.6 ± 6.5 
15-1150 281.9 ± 2.8 260.5 ± 6.7 
45-1150 293.7 ± 2.0 270.1 ± 16.5 
5-1200 289.6 ± 2.2 273.9 ± 10.3 
15-1200 295.5 ± 2.0 269.9 ± 9.9 
45-1200 300.4 ± 2.0 279.9 ± 15.1 
5-1250 295.5 ± 2.0 278.0 ± 6.9 
15-1250 304.3 ± 2.6 285.3 ± 8.9 
45-1250 301.4 ± 2.3 281.4 ± 7.0  

 

In general, the 6Al specimens exhibited a higher range of hardness values compared to 

the 20Al and 31Al alloys.  The mean microhardness ranged from 280 to 305 HV1000 for the 6Al, 

273 to 304  HV1000 for the 20Al, and 252 to 304  HV1000 for the 31Al alloy.  The mean 
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macrohardness ranged from 257 to 279  HV for the 6Al, 244 to 284  HV for the 20Al, and 230 to 

285  HV for the 31Al alloy.  The microhardness results were much more consistent than 

macrohardness primarily due to the number of tests per condition, 50 per condition for 

microhardness versus 14 for macrohardness. 

4.3.3 Simulations for Additional Testing 

The number of thermal simulations was reduced from fifteen to five for additional testing 

such as tensile tests and single-hit compression tests.  Specific simulations were selected using 

two criteria:  consistent processing of previously conducted thermal simulations and applicability 

to hot forging conditions.  Consistent processing was determined by conducting hypothesis tests 

for pearlite fraction, microhardness, and macrohardness between two specimens processed under 

identical conditions.  Therefore, the null hypothesis was that the mean of one specimen was equal 

to the mean of the second specimen (Ho: µa - µb = 0) and the alternative was that the two means 

were not equal (Ha: µa -µb ≠ 0).  Table 4.14 shows the results of the hypothesis testing.  Only two 

thermal simulations passed all hypothesis tests, 45-1200 and 5-1200.  The other three simulations 

(45-1100, 45-1150, and 5-1200) were selected because they only failed one of the nine tests and 

were relevant to hot forging conditions. 

Table 4.14 – Hypothesis testing results used to determine conditions for additional testing. 

Pearlite Fraction 
Microhardness 

(HV1000) 
Macrohardness 

(HV) 
Thermal 

Simulation 
(min-°C) 

Pass 
Rate 
(pct) 6Al 20Al 31Al 6Al 20Al 31Al 6Al 20Al 31Al 

5-1050 67 Y Y N N Y N Y Y Y 
15-1050 89 Y Y Y N Y Y Y Y Y 
45-1050 78 Y N N Y Y Y Y Y Y 
5-1100 89 Y Y Y Y Y N Y Y Y 
15-1100 78 Y Y N Y Y N Y Y Y 
45-1100 89 Y N Y Y Y Y Y Y Y 
5-1150 89 Y Y Y Y Y N Y Y Y 
15-1150 56 Y Y N N N N Y Y Y 
45-1150 89 N Y Y Y Y Y Y Y Y 
5-1200 89 Y Y N Y Y Y Y Y Y 
15-1200 78 Y N Y Y Y N Y Y Y 
45-1200 100 Y Y Y Y Y Y Y Y Y 
5-1250 100 Y Y Y Y Y Y Y Y Y 
15-1250 56 Y N N Y N N Y Y Y 
45-1250 78 Y Y Y Y N N Y Y Y 
Pass Rate (pct) 93 73 60 80 80 47 100 100 100  
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4.3.4 Tensile Testing of Select Thermal Simulations 

Three 12 mm (0.472 in) diameter cylinders for each alloy were processed through the 

five select thermal simulations and machined into sub-sized tensile specimens and tested at room 

temperature, geometries provided in Appendix B.  Engineering stress-strain curves for all 

specimens tested are provided in Appendix E.  Table 4.15, Table 4.16, and Table 4.17 show a 

summary of all the tensile data from the 6Al, 20Al, and 31Al specimens, respectively.   

 

Table 4.15 – Uniaxial tensile testing data for 6Al specimens processed through five select thermal 
simulations, the mean ± one standard deviation is reported. 

Yield Strength 
(0.2% Offset) 

Ultimate 
Tensile 
Strength 

Uniform 
Elongation 

Total 
Elongation 

Reduction 
in Area 

Thermal 
Simulation 
(min-°C) 

MPa (ksi) MPa (ksi) pct pct pct 

45-1100 
649.7 ± 9.7 
(94.2 ± 1.4) 

942.7 ± 13.7 
(136.7 ± 2.0) 

10.4 ± 0.2 26.4 ± 1.8 33.7 ± 0.5 

45-1150 
655.0 ± --- 
(95.0 ± ---) 

944 ± --- 
(136.9± ---) 

10.2 ± --- 25.4 ± --- 30.9 ± --- 

5-1200 
664.3 ± 9.0 
(96.3 ± 1.3) 

961.3 ± 7.2 
(139.4 ± 1.0) 

10.3 ± 0.2 22.4 ± 1.1 28.0 ± 1.6 

45-1200 
689.3 ± 12.9 
(100.0 ± 1.9) 

989.7 ± 11.1 
(143.5 ± 1.6) 

9.7 ± 0.4 15.3 ± 4.2 17.4 ± 5.4 

5-1250 
669.3 ± 3.8 
(97.1 ± 0.6) 

963.7 ± 3.5 
(139.8 ± 0.5) 

10.4 ± 0.3 21.6 ± 1.3 27.2 ± 0.4 
 

 

Table 4.16 – Uniaxial tensile testing data for 20Al specimens processed through five select 
thermal simulations, the mean ± one standard deviation is reported. 

Yield Strength 
(0.2% Offset) 

Ultimate 
Tensile 
Strength 

Uniform 
Elongation 

Total 
Elongation 

Reduction 
in Area 

Thermal 
Simulation 
(min-°C) 

MPa (ksi) MPa (ksi) pct pct pct 

45-1100 
657.3 ± 10.0 
(95.3 ± 1.5) 

953.3 ± 12.2 
(138.3 ± 1.8) 

10.3 ± 0.1 24.3 ± 1.7 30.5 ± 1.8 

45-1150 
655.3 ± 2.3 
(95.0 ± 0.3) 

949.7 ± 3.5 
(137.8 ± 0.5) 

10.3 ± 0.3 24.6 ± 0.4 30.6 ± 0.6 

5-1200 
671.7 ± 7.6 
(97.4 ± 1.1) 

969.7 ± 12.4 
(140.6 ± 1.8) 

10.3 ± 0.2 19.2 ± 1.6 23.6 ± 1.9 

45-1200 
675.3 ± 1.2 
(97.9 ± 0.2) 

976.7 ± 5.5 
(141.7 ± 0.8) 

9.7 ± 0.2 14.0 ± 2.5 14.9 ± 4.6 

5-1250 
686.0 ± 9.5 
(99.5 ± 1.4) 

983.7 ± 16.3 
(142.7 ± 2.4) 

9.4 ± 0.8 10.6 ± 2.1 10.5 ± 1.4 
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Table 4.17 – Uniaxial tensile testing data for 31Al specimens processed through five select 
thermal simulations, the mean ± one standard deviation is reported. 

Yield Strength 
(0.2% Offset) 

Ultimate 
Tensile 
Strength 

Uniform 
Elongation 

Total 
Elongation 

Reduction 
in Area 

Thermal 
Simulation 
(min-°C) 

MPa (ksi) MPa (ksi) pct pct pct 

45-1100 
626.0 ± 3.6 
(90.8 ± 0.5) 

924.7 ± 6.8 
(134.1 ± 1.0) 

10.2 ± 0.2 27.3 ± 0.1 34.9 ± 0.3 

45-1150 
659.0 ± 8.7 
(95.6 ± 1.3) 

959.3 ± 4.7 
(139.1 ± 0.7) 

10.1 ± 0.2 17.8 ± 4.6 21.5 ± 7.1 

5-1200 
656.0 ± 9.6 
(95.1 ± 1.4) 

952.7 ± 14.2 
(138.2 ± 2.1) 

10.2 ± 0.3 20.4 ± 4.7 25.5 ± 7.0 

45-1200 
677.3 ± 7.8 
(98.2 ± 1.1) 

976.3 ± 10.6 
(141.6 ± 1.5) 

9.3 ± 0.5 11.8 ± 1.3 12.9 ± 1.5 

5-1250 
681.7 ± 5.5 
(98.9 ± 0.8) 

982.0 ± 10.0 
(142.4 ± 1.5) 

9.8 ± 0.4 13.0 ± 0.8 13.2 ± 0.6 
 

The mean yield strength varied from 650 to 690 MPa for the 6Al, 655 to 686 MPa for the 

20Al, and 626 to 682 MPa for the 31Al alloy.  The mean ultimate tensile strength ranged from 

942 to 990 MPa for the 6Al, 950 to 984 MPa for the 20Al, and 925 to 982 MPa for the 31Al 

alloy.  Both the mean yield strength and the mean ultimate tensile strength had uncertainties 

typically less than 5 pct at the 95 pct confidence level.  Uniform elongation was very consistent 

across all conditions at approximately 10 pct.  Total elongation and reduction in area varied from 

condition to condition; however, the large uncertainties make trends difficult to assess reliably.  

The most significant difference observed is between the mean yield strength of the 6Al and 31Al 

alloys in the 45-1100 and 5-1250.  On average, the 6Al has almost 25 MPa higher yield strength 

than the 31Al in the 45-1100 condition.  In the 5-1250 condition the 6Al has over 10 MPa lower 

yield strength than the 31Al.   

4.4 Thermomechanical Simulations 

Results from quantitative metallography, microhardness, and macrohardness testing 

conducted on specimens processed through specific thermal simulations with a single-hit 

compression step (40 pct reduction at 1000 °C) are presented in this section. 

4.4.1 Microstructure 

The thermomechanical simulations used all of the same parameters as the thermal 

simulations with the addition of the compression step.  Therefore, the microstructure is very 

similar to the thermal simulations except the compression step refined the austenite grain size 

considerably more when compared to thermal simulations with the same parameters.  Figure 4.8 
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shows a representative micrograph from a 20Al specimen processed through a thermomechanical 

simulation.  All of the same microstructural features are present as those previously discussed for 

the thermal simulations in Section 4.3.1.  Representative micrographs for all thermomechanical 

simulations are presented in Appendix F.  Table 4.18 shows a summary of the quantitative 

metallographic data collected on the five thermomechanical simulations for the three alloys.   

 

Figure 4.8 Light micrograph of a 20Al specimen from thermomechanical simulations 
exhibiting microstructural features commonly observed in all conditions 
examined. 

 

Table 4.18 – Quantitative metallography data for all thermomechanically processed specimens, 
the mean ± 95 pct confidence interval is reported. 

Alloy 
Thermal 

Simulation 
(min-°C) 

Pearlite 
Fraction 

Ferrite 
Fraction 

Ferrite Grain 
Size (µm) 

45-1100 0.74 ± 0.02 0.25 ± 0.01 9.4 ± 0.4 
45-1150 0.72 ± 0.02 0.26 ± 0.02 9.0 ± 0.4 
5-1200 0.80 ± 0.01 0.20 ± 0.01 9.3 ± 0.5 
45-1200 0.80 ± 0.01 0.20 ± 0.01 8.4 ± 0.6 

6Al 

5-1250 0.79 ± 0.01 0.21 ± 0.01 9.2 ± 0.3 
45-1100 0.70 ± 0.01 0.29 ± 0.01 10.1 ± 0.5 
45-1150 0.77 ± 0.02 0.22 ± 0.02 8.8 ± 0.5 
5-1200 0.74 ± 0.01 0.26 ± 0.01 9.8 ± 0.3 
45-1200 0.79 ± 0.01 0.21 ± 0.01 8.8 ± 0.4 

20Al 

5-1250 0.81 ± 0.01 0.19 ± 0.01 9.0 ± 0.5 
45-1100 0.65 ± 0.01 0.34 ± 0.01 9.5 ± 0.3 
45-1150 0.76 ± 0.01 0.24 ± 0.01 8.6 ± 0.2 
5-1200 0.76 ± 0.01 0.24 ± 0.01 9.4 ± 0.2 
45-1200 0.80 ± 0.01 0.20 ± 0.01 8.5 ± 0.7 

31Al 

5-1250 0.79 ± 0.01 0.21 ± 0.01 9.3 ± 0.8  
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As seen in the thermal simulations, the pearlite fraction range narrows slightly with 

decreasing Al content.  The mean pearlite fraction ranges from 0.72 to 0.80 for the 6Al, 0.70 to 

0.81 for the 20Al, and 0.65 to 0.80 for the 31Al alloy with less than 2 pct uncertainty at the 95 pct 

confidence level.  The mean ferrite grain size remains relatively consistent between the three 

alloys for the simulations examined, 8 to 10 µm with approximately 5 to 10 pct uncertainty at the 

95 pct confidence level. 

4.4.2 Hardness Testing 

Hardness testing, both micro and macrohardness, was done in accordance with the 

procedures presented in Section 3.6.  Table 4.19 summarizes all hardness testing results for 6Al, 

20Al, and 31Al specimens.  Similar to the thermal simulations, the 6Al specimens exhibited a 

higher range of hardness values compared to the 20Al and 31Al alloys.  The mean microhardness 

ranged from 275 to 288 HV1000 for the 6Al, 269 to 281 HV1000 for the 20Al, and 258 to 

282 HV1000 for the 31Al alloy.  The mean macrohardness range was very similar among the three 

alloys, approximately 240 to 267 HV with uncertainty levels typically less than 5 times that of the 

microhardness results.  Again, this difference in uncertainty is primarily due to the number of 

tests per condition. 

 

Table 4.19 – Hardness data for all thermomechanically processed specimens, 
the mean ± 95 pct confidence interval is reported. 

Alloy Thermal Simulation (min-°C) Microhardness (HV1000) Macrohardness (HV) 

45-1100 277.7 ± 2.8 240.6 ± 16.0 
45-1150 288.0 ± 2.5 257.6 ± 9.9 
5-1200 275.5 ± 1.8 252.4 ± 13.3 
45-1200 283.9 ± 2.3 267.6 ± 17.9 

6Al 

5-1250 280.2 ± 2.3 255.8 ± 11.9 
45-1100 268.7 ± 1.9 243.5 ± 16.9 
45-1150 278.1 ± 2.6 251.7 ± 11.7 
5-1200 268.3 ± 2.3 248.2 ± 13.2 
45-1200 281.1 ± 2.6 255.9 ± 13.8 

20Al 

5-1250 278.4 ± 2.2 265.9 ± 12.1 
45-1100 258.3 ± 1.7 241.7 ± 13.7 
45-1150 274.0 ± 2.4 249.6 ± 12.0 
5-1200 266.6 ± 1.9 250.1 ± 10.1 
45-1200 282.0 ± 2.1 253.1 ± 13.9 

31Al 

5-1250 279.3 ± 2.3 267.1 ± 11.1  
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4.5 Electrolytic Extraction of Precipitates 

All three alloys in the as-received condition as well as five specific thermal simulations 

(15-1050, 15-1100, 45-1050, 45-1100, and 45-1150) of the 6Al and 31Al alloys were evaluated 

using the electrolytic extraction procedure described in Section 3.9.  Initially, specimens of the 

as-received material were used to develop and refine the procedure.  During procedure 

development the specimens and remaining residue of select specimens were analyzed via SEM to 

further understand the process and how it is influencing the material.  Figure 4.9 shows SEM 

secondary electron images of a 6Al specimen post dissolution.  Dissolution is uniform (i.e. no 

pitting) across the specimen with pearlitic regions and inclusions protruding from the surface 

slightly.  Inclusions appeared to be unaffected by the process and typically remained intact even 

though extending a significant distance from the surface of the specimen. 

  
(a) (b) 

  
(c) (d) 

Figure 4.9 SEM secondary electron images of a 6Al specimen after electrochemical 
dissolution in the non-aqueous electrolyte.  Images were taken at (a) 500x, (b) 
2500x, (c) 2500x, and (d) 5000x magnifications. 
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Figure 4.10 shows SEM secondary electron images of a 20Al specimen post dissolution.  

Faceted pits develop around inclusions within ferrite grains.  In several cases V(C,N) precipitates 

could be identified by spot energy dispersive x-ray spectroscopy (EDS) scans on manganese 

sulfide (MnS) inclusions.  Figure 4.10b and 4.10d show two particular cases where a VN could be 

identified still in contact with the MnS inclusion as well as the ferritic matrix.  This observation 

suggests that the MnS/α-Fe interface has much higher energy than either the MnS/VN or the 

VN/α-Fe interfaces and is therefore a preferential location for iron atoms to go into solution 

during polarization. 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.10 SEM secondary electron images of a 20Al specimen after electrochemical 
dissolution in the non-aqueous electrolyte.  Images were taken at (a) 5000x, (b) 
25,000x, (c) 5000x, and (d) 20,000x magnifications.  Faceted pits developed 
within the ferrite grains around manganese sulfides.  Vanadium nitrides 
(confirmed by EDS) can be seen in (b) and (d) still in contact with the ferrite and 
the MnS. 

 

MnS 
α-Fe 

VN 

α-Fe 

MnS 

VN 
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Residues collected by vacuum filtration were sputter coated with gold to prevent charging 

and analyzed via SEM.  Inclusions were readily identifiable; however, fine precipitates were not 

distinguishable due to the amount of cementite on the filters.  Figure 4.11 shows several MnS 

inclusions seen on the filter surface.  The MnS inclusions remained intact during filtering even 

though some have a very complex morphology.  The gray sheets or ribbons surrounding the 

inclusions on the filters are cementite. 

  
(a) (b) 

  
(c) (d) 

Figure 4.11 SEM secondary electron images of MnS inclusions filtered from the electrolyte 
of a 6Al specimen in the as-received condition.  Images taken at (a) 2500x, (b) 
5000x, (c) 5000x, and (d) 7500x magnifications. 

 

Closer examination of the filter revealed a significant number of faceted features on the 

surface of many of the inclusions.  Figure 4.12, Figure 4.13, and Figure 4.14 show EDS mapping 

results from MnS inclusions found on filters from specimens of 6Al, 20Al, and 31Al, 

respectively.  Data for Al, V, N, carbon (C), manganese (Mn), sulfur (S), and oxygen (O) were 

collected for all EDS maps; however, only Al, V, and N data are presented because no additional 
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understanding was gained from the other elemental data collected. The quality of the EDS maps 

vary slightly due to differences in the angle with the x-ray detector.   

 
(a) 

  
(b) (c) 

  
(d) (e) 

Figure 4.12  (a) SEM secondary electron image, (b) Al, (c) V, (d) Al + V, and (e) N results 
from EDS mapping of a MnS inclusion filtered from the electrolyte of a 6Al 
specimen in the as-received condition.  (color image – see PDF copy) 

 

SEI 

Al V 

Al + V N 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure 4.13  (a) SEM secondary electron image, (b) Al, (c) V, (d) Al + V, and (e) N results 
from EDS mapping of a MnS inclusion filtered from the electrolyte of a 20Al 
specimen in the as-received condition.  (color image – see PDF copy) 

 

SEI 

Al V 

Al + V N 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure 4.14 (a) SEM secondary electron image, (b) Al, (c) V, (d) Al + V, and (e) N results 
from EDS mapping of a MnS inclusion filtered from the electrolyte of a 31Al 
specimen in the as-received condition.  (color image – see PDF copy) 

 

The EDS mapping indicates precipitation of both AlN and V(C,N) on the surface of the 

MnS inclusions in all alloys in the as-received conditions.  Figure 4.12 shows thin rectangular 

SEI 

Al V 

Al + V N 
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V(C,N) precipitates with small Al rich regions.  The Al rich regions cannot be clearly identified 

as AlN; however, mutual solubility of AlN and V(C,N) has not been supported in literature [4] 

and no evidence of Al2O3 was found.  Figure 4.13 and Figure 4.14 show evidence of both AlN 

and V(C,N) precipitation on the MnS surface.  The AlN precipitates appear faceted and larger 

than the V(C,N) precipitates.  Although only a few EDS maps are shown, spot EDS confirmed 

that precipitation of both AlN and V(C,N) is common on MnS inclusions in all the three alloys.  

The 6Al alloy exhibited larger V(C,N) precipitates and fewer AlN precipitates than either the 

20Al or the 31Al alloys. 

The filtrate and digested residue for all specimens examined were submitted to an 

external laboratory for ICP-MS analysis.  Table 4.20, Table 4.21, and Table 4.22 show the 

ICP-MS results for the three alloys in the as-received condition, specific thermal simulations for 

the 6Al, and specific thermal simulations for the 31Al, respectively.  Only Al and V were 

analyzed.  Both the amount of Al and V in solution within the ferrite (solution) and in precipitate 

form (precipitate) is presented.  The amount of an element in solution may include precipitates 

less than 10 nm in diameter due to the filter pore size.  In the as-received condition, only about 

10 pct of the Al was precipitated in the 20Al and 31Al.  The amount of V precipitated was 

slightly lower for the 20Al (64 pct) and 31Al (67 pct) than the 6Al (73 pct), although not 

significantly.  For the thermal simulations examined, the amount of V precipitated in the 6Al 

specimens was very consistent at approximately 70 pct while the 31Al specimens were 

significantly lower, ranging from 47 to 64 pct.  The amount of Al precipitated in the 31Al 

specimens were much higher than in the as-received condition, ranging from 40 to 75 pct. 

 

Table 4.20 – ICP-MS results from electrochemical dissolution procedure for the three alloys 
in the as-received condition. 

Aluminum Vanadium 

Solution Precipitate Solution Precipitate Alloy 
wt pct 

(pct of total) 
wt pct 

(pct of total) 
wt pct 

(pct of total) 
wt pct 

(pct of total) 

6Al 
0.005 ±0.000 
(76.7 ± 7.9) 

0.001 ± 0.001 
(23.3 ± 9.3) 

0.020 ± 0.002 
(26.2 ± 2.1) 

0.054 ± 0.003 
(73.4 ± 4.3) 

20Al 
0.018 ± 0.001 
(91.4 ± 7.1) 

0.002 ± 0.000 
(8.6 ± 1.2) 

0.028 ± 0.004 
(35.6 ± 4.7) 

0.051 ± 0.003 
(64.4 ± 3.5) 

31Al 
0.028 ± 0.001 
(89.1 ± 3.1) 

0.003 ± 0.001 
(10.9 ± 4.0) 

0.026 ± 0.004 
(33.1 ± 5.2) 

0.053 ± 0.003 
(66.9 ± 4.2)  
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Table 4.21 – ICP-MS results from electrochemical dissolution procedure for 6Al specimens 
processed through specific thermal simulations. 

Aluminum Vanadium 

Solution Precipitate Solution Precipitate 
Thermal 

Simulation 
(min-°C) wt pct 

(pct of total) 
wt pct 

(pct of total) 
wt pct 

(pct of total) 
wt pct 

(pct of total) 

15-1050 
0.002 ± 0.000 
(37.9 ± 2.5) 

0.003 ± 0.000 
(62.1 ± 6.8) 

0.025 ± 0.001 
(34.0 ± 1.1) 

0.049 ± 0.001 
(66.0 ± 1.6) 

15-1100 
0.002 ± 0.000 
(40.7 ± 4.0) 

0.003 ± 0.000 
(59.3 ± 6.1) 

0.023 ± 0.000 
(30.8 ± 0.5) 

0.052 ± 0.001 
(69.2 ± 1.2) 

45-1050 
0.002 ± 0.000 
(39.9 ± 0.6) 

0.003 ± 0.000 
(60.1 ± 8.7) 

0.023 ± 0.001 
(30.8 ± 1.0) 

0.052 ± 0.001 
(69.2 ± 1.7) 

45-1100 
0.002 ± 0.001 
(43.0 ± 13.7) 

0.003 ± 0.000 
(57.0 ± 0.1) 

0.024 ± 0.002 
(31.6 ± 2.4) 

0.052 ± 0.002 
(68.4 ± 2.2) 

45-1150 
0.002 ± 0.000 
(39.8 ± 3.1) 

0.004 ± 0.001 
(60.2 ± 14.1) 

0.022 ± 0.000 
(30.8 ± 0.1) 

0.050 ± 0.000 
(69.2 ± 0.3)  

 

Table 4.22 – ICP-MS results from electrochemical dissolution procedure for 31Al specimens 
processed through specific thermal simulations. 

Aluminum Vanadium 

Solution Precipitate Solution Precipitate 
Thermal 

Simulation 
(min-°C) wt pct 

(pct of total) 
wt pct 

(pct of total) 
wt pct 

(pct of total) 
wt pct 

(pct of total) 

15-1050 
0.009 ± 0.001 
(34.2 ± 3.3) 

0.018 ± 0.001 
(65.8 ± 2.5) 

0.035 ± 0.002 
(47.5 ± 3.1) 

0.039 ± 0.001 
(52.5 ± 1.9) 

15-1100 
0.009 ± 0.000 
(34.6 ± 0.6) 

0.017 ± 0.001 
(65.4 ± 3.5) 

0.032 ± 0.001 
(43.8 ± 1.4) 

0.042 ± 0.002 
(56.2 ± 2.3) 

45-1050 
0.007 ± 0.000 
(24.8 ± 1.1) 

0.021 ± 0.000 
(75.2 ± 1.4) 

0.038 ± 0.001 
(53.3 ± 0.9) 

0.033 ± 0.001 
(46.7 ± 1.4) 

45-1100 
0.010 ± 0.001 
(40.0 ± 2.3) 

0.015 ± 0.001 
(60.0 ± 5.5) 

0.030 ± 0.000 
(40.8 ± 0.4) 

0.044 ± 0.001 
(59.2 ± 1.2) 

45-1150 
0.014 ± 0.001 
(60.9 ± 6.2) 

0.009 ± 0.001 
(39.1 ± 4.3) 

0.026 ± 0.002 
(35.8 ± 2.8) 

0.047 ± 0.002 
(64.2 ± 2.7)  

 

4.6 Transmission Electron Microscopy 

Limited TEM analysis was conducted in this study.  Thin foils of one thermal simulation, 

45-1100, were examined for the 6Al and 31Al alloys.  Figure 4.15 shows representative TEM 

micrographs of the two cementite morphologies observed in the conditions examined, 

discontinuous and continuous cementite lamella.  Typically, pearlitic regions were either only 

continuous cementite or a mix of the two structures.  Figure 4.16 shows representative TEM 
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micrographs of precipitate containing ferrite grains.  The 6Al specimen contained much larger 

precipitates, estimated mean precipitate diameter of 20 to 50 nm, than the 31Al specimen, 

estimated mean precipitate diameter of 5 to 15 nm. 

  
(a) (b) 

Figure 4.15 Representative TEM micrographs from the 45-1100 thermal simulation of the 
two cementite morphologies observed in the 6Al and 31Al alloys, (a) 
discontinuous and (b) continuous cementite lamella. 

 

  
(a) (b) 

Figure 4.16 Representative TEM micrographs from the 45-1100 thermal simulation of ferrite 
containing precipitates in (a) the 6Al and (b) the 31Al alloy. 
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CHAPTER 5 

DISCUSSION 

This chapter discusses the interrelationships between hardness, austenite grain size 

(AGS), pearlite fraction, AlN precipitation, V(C,N) precipitation, and tensile properties for 

thermal simulations as well as the relationship between hardness and pearlite fraction for 

thermomechanical simulations. 

5.1 Thermal Simulations 

Thermal simulations were controlled to provide insight into microstructural and hardness 

changes in the alloys as a function of time, temperature, and Al content only. 

5.1.1 Microhardness and Microstructure 

Microhardness was primarily used to quantify differences in mechanical properties 

among the alloys for a given thermal simulation. Microhardness is also related to microstructural 

features such as AGS and pearlite fraction.  In ferrite-pearlite structures, ferrite fraction and grain 

size as well as pearlite fraction and interlamellar spacing influence yield strength (see 

Equation 2.22); however, in the present study, variations in ferrite grain size and pearlite 

interlamellar spacing were minimal and will not be discussed in this section of the thesis. 

Precipitation strengthening primarily influences yield strength, as presented in 

Section 2.4.2.  Vickers microhardness is related to yield strength by  

 ( )( )n

y HV 1.0269.3=σ  (5.1) 

where σy is the yield strength in MPa, HV is the Vickers hardness number, and n is the strain-

hardening exponent assuming the material exhibits power law work-hardening behavior [78].  

Figure 5.1 shows pearlite fraction versus microhardness for thermal simulations of all three 

alloys.  In Figure 5.1a a linear relationship is seen between pearlite fraction and microhardness at 

the three higher temperatures (1150, 1200, and 1250 °C) which explains approximately 92 pct of 

the variation in the data.  This trend indicates that at 1150, 1200, and 1250 °C the microhardness 

is likely only fluctuating due to differences in pearlite fraction and the magnitude of the strength 

increase due to precipitation of V(C,N) is likely constant.  At the two lowest temperatures 

investigated (1050 and 1100 °C) no discernable trend is seen between pearlite area fraction and 

microhardness; however, on average the hardness and pearlite fraction appear to decrease with 

increasing Al content.  This dependence of microhardness on Al content at 1050 and 1100 °C 

suggests that increased AlN precipitation influences either V(C,N) precipitation strengthening 
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and/or austenite transformation behavior upon cooling.  Increased AlN precipitation would reduce 

the amount of N available for V(C,N) precipitation therefore reducing the precipitation 

strengthening potential of the V(C,N).  Austenite transformation behavior can be influenced by an 

increase in AlN precipitation by pinning grain boundaries and reducing the AGS. 

  
(a) (b) 

Figure 5.1 Pearlite area fraction versus Vickers microhardness for (a) 1150, 1200, and 
1250 °C as well as (b) 1050 and 1100 °C thermal simulations.  Error bars 
represent 95 pct confidence intervals for the mean. 

 
Figure 5.2 shows representative micrographs for the 6Al and 31Al alloys held at 1050 °C 

for 5 min.  The significant difference between the 6Al and 31Al alloy AGS is readily observed.  

Figure 5.3 shows AGS at 1050, 1100, and 1150 °C for both the 6Al and 31Al alloys as a function 

of time.  The 31Al alloy exhibits a significantly smaller AGS at 1050 and 1100 °C than the 6Al 

alloy under the same conditions.  Of the nine thermal simulations examined for AGS, the 31Al 

alloy held for 45 min at 1150 °C was the only condition that did not exhibit significantly inhibited 

grain growth when compared to the 6Al alloy.  The differences in AGS with Al content are a 

clear indication that AlN precipitation strongly influences AGS at 1050 and 1100 °C. 

Figure 5.4 shows the amount of Al precipitated versus AGS for 15 and 45 min hold times 

at 1050 and 1100 °C as well as for a 45 min hold at 1150 °C for both the 6Al and 31Al alloys.  

The amount of Al precipitated was determined via the electrolytic extraction procedure described 

in Section 3.9.  The AGS is independent of the amount of Al precipitated in the 6Al alloy while 

an increase in the amount of Al precipitated in the 31Al alloy results in a significant decrease in 

the AGS.  The reduction in AGS increases the number of nucleation sites for proeutectoid ferrite 

and therefore decreases the pearlite area fraction. 
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(a) (b) 

Figure 5.2 Representative light micrographs indicating the relative difference in austenite 
grain size for (a) 6Al and (b) 31Al specimen held at 1050 °C for 5 min.  
Specimens were etched with hot saturated picric acid in water. 

 

  
(a) (b) 

Figure 5.3 Austenite grain size as a function of time for 1050, 1100, and 1150 °C hold 
temperatures for the (a) 6Al and (b) 31Al alloys.  Error bars represent 95 pct 
confidence intervals for the mean. 

 
Figure 5.5 shows pearlite area fraction as a function of austenite surface area per unit 

volume.  According to Underwood [79] the surface-to-volume ratio, Sv, is  

 
dSv

2=  (5.2) 

where d is the mean lineal intercept length of the grain in µm.  For both the 6Al and 31Al alloys 

at 1050, 1100, and 1150 °C the pearlite fraction correlates relatively well with austenite grain 

surface area per unit volume; indicating that as AGS decreases pearlite fraction decreases.   
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Figure 5.4 AGS as a function of Al precipitated for the 6Al and 31Al alloys for select 
thermal simulations (min-°C):  15-1050, 15-1100, 45-1050, 45-1100, and 
45-1150.  Error bars for AGS represent 95 pct confidence intervals for the mean.  
Error bars for Al precipitated represent plus or minus one standard deviation of 
the mean. 

 
 

 

Figure 5.5 Pearlite area fraction as a function of austenite grain surface area per unit 
volume, Sv, for the 6Al and 31Al alloys at 1050, 1100, and 1150 °C for all hold 
times.  Error bars represent 95 pct confidence intervals for the mean. 

 



 

87 

5.1.2 Competition for Nitrogen 

The analysis of the microhardness data shows a clear relationship between AlN 

precipitation, AGS, and pearlite fraction at 1050 and 1100 °C.  AlN precipitation has been shown 

in the literature, see Section 2.6, to reduce the extent of V(C,N) precipitation by reducing the 

amount of N available.  AlN precipitation would in turn reduce the extent of V(C,N) precipitation 

strengthening and therefore decrease hardness.  The potential influence of AlN precipitation on 

VN precipitation can be calculated under equilibrium conditions assuming the following 

 
AlNVNT NNNN ++= ][  (5.3) 

where NT is the total nitrogen in the system, [N] is the dissolved (or “free”) nitrogen, NVN is the 

nitrogen bonded as VN, and NAlN is the nitrogen bonded as AlN [4].  Using the known alloy 

composition, AlT and VT, and the solubility products of the two nitride forming species, Kγ

AlN, and 

Kγ

VN, from Table 2.1 the amount of dissolved nitrogen can be calculated as the quadratic function   
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 −++ γγ
VNAlNTTT KKNNVAlN  (5.4) 

This calculation assumes only AlN and VN are forming nitrides in the alloy, the nitrides are 

stoichiometric, and both nitrides are precipitating simultaneously in austenite.  Figure 5.6 shows 

the dissolved nitrogen content of the 6Al, 20Al, and 31Al alloys as a function of temperature.  At 

high temperatures AlN precipitates according to its solubility product fro Table 2.1, until the 

composition of the austenite is such that it is thermodynamically favorable for VN to begin 

precipitating and then both AlN and VN precipitate simultaneously, Equation 5.4.  This 

equilibrium prediction indicates that AlN precipitation can significantly suppress VN 

precipitation resulting in a possible reduction of V(C,N) volume fraction.  Although, the 

precipitation of AlN has the potential to reduce V(C,N) volume fraction it also pushes V(C,N) 

precipitation to lower temperatures which may refine precipitate size.  Since precipitation 

strengthening is both influenced by volume fraction and size of the precipitates (Equation 2.14) 

the net change in precipitation strengthening may be negligible. 

Thermal simulations with 15 and 45 min hold times at 1050 and 1100 °C as well as with 

a 45 min hold at 1150 °C for both the 6Al and 31Al alloys were tested using the electrolytic 

extraction method presented in Section 3.9.  Figure 5.7 shows electrolytic extraction results for 

the amount of V precipitated for specimens of 6Al and 31Al in the as-received condition as well 

as the selected thermal simulations.  The amount of V precipitated in the 6Al alloy is very 

consistent for all conditions (approximately 70 pct); while the 31Al alloy has less V precipitated 

than the 6Al in all conditions.  Figure 5.8 shows electrolytic extraction results for 31Al specimens 
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in the as-received condition as well as the selected thermal simulations.  The specimens from the 

thermal simulations had a significantly larger amount of Al precipitated and smaller amount of V 

precipitated than the as-received condition.  The specimens held at 1050 and 1100 °C for 15 min 

exhibited essentially the same amount of Al and V precipitated.  The specimens held for 45 min 

at 1050, 1100, and 1150 °C showed a maximum Al precipitation in the 1050 °C specimen of 

75 pct that steadily decreased as temperature increased.  The amount of Al precipitated in these 

conditions also appears to be inversely related to the amount of V precipitated.  Figure 5.9 shows 

the amount of V precipitated as a function of the amount of Al precipitated for 6Al and 31Al 

specimens examined.  The linear model explains greater than 94 pct of the variability in the data 

and indicates a clear competition for N between AlN and V(C,N) precipitation in the 6Al and 

31Al alloys.   

 
From the 31Al specimens held at 1050, 1100, and 1150 °C for 45 min a quasi-solubility 

product, non-equilibrium, was calculated for AlN as 

 
)(

329,13
58.5]][log[

KT
NAl −=  (5.5) 

where the Al in solution at a given temperature is [Al], which was measured via ICP-MS, and the 

N in solution at a given temperature is [N].  The N in solution was calculated as 

 






−=
27

14
][ AlNT AlNN  (5.6) 

 

Figure 5.6 Amount of dissolved N as a function of temperature calculated from solubility 
products for the 6Al, 20Al, and 31Al alloys.  In the 20Al and 31Al alloys AlN 
precipitates first pushing VN to precipitate at lower temperatures.   
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where NT is the total nitrogen in the alloy and AlAlN is the amount of Al measured via ICP-MS as 

being precipitated.  This calculation assumes the amount of Al measured as being precipitated, 

did so stoichiometrically as AlN in austenite prior to V(C,N) precipitation.  Figure 5.10 shows the 

log of the AlN solubility product versus inverse absolute temperature for the 31Al alloy.  An 

equilibrium AlN solubility product in austenite from Turkdogan [9] is plotted for a comparison.  

The calculated quasi-solubility product from the present study is much lower than the equation 

from Turkdogen.  The difference indicates that the 31Al alloy held for 45 min at 1050, 1100, and 

1150 °C has more AlN precipitation than predicted by the equilibrium solubility product from 

literature.   

 

Figure 5.7 Amount of V precipitated in the 6Al and 31Al alloys for the as-received 
conditions as well as select thermal simulations (min-°C):  15-1050, 15-1100, 
45-1050, 45-1100, and 45-1150.  Quantification was done via ICP-MS of 
electrolytic extraction specimens.  Error bars represent plus or minus one 
standard deviation of the mean for two specimens per condition. 

 

 

Figure 5.8 Amount of V and Al precipitated in the 31Al alloy for the as-received condition 
as well as select thermal simulations (min-°C):  15-1050, 15-1100, 45-1050, 
45-1100, and 45-1150.  Quantification was done via ICP-MS of electrolytic 
extraction specimens.  Error bars represent plus or minus one standard deviation 
of the mean for two specimens per condition. 
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Figure 5.9 Amount of V precipitated as a function of Al precipitated for the 6Al and 31Al 
alloys for select thermal simulations (min-°C):  15-1050, 15-1100, 45-1050, 
45-1100, and 45-1150.  Error bars represent plus or minus one standard deviation 
of the mean.  Confidence and prediction intervals for the linear model at the 
95 pct level are shown. 

 

 

Figure 5.10 AlN solubility product as a function of inverse absolute temperature for select 
thermal simulations of the 31Al alloy.  The solubility product determined from 
the 45 min hold time data is compared to an AlN solubility from Turkdogan [9]. 
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5.1.3 Precipitation Strengthening 

The extent of precipitation strengthening in the five thermal simulations was evaluated 

using heat treated tensile specimens.  The thermal simulations evaluated, time in min-temperature 

in °C, for all three alloys were:  45-1100, 45-1150, 5-1200, 45-1200, and 5-1250.  Figure 5.11 

compares pearlite fraction versus yield strength for the select thermal simulations for all three 

alloys to data from Gladman et al. [46].  The V microalloyed 1100 °C austenitized and air cooled 

data from Gladman et al. has comparable yield strengths as the thermal simulation data but at 

higher pearlite fractions.  The data from the thermal simulations appear to follow the same 

increasing trend as the data from the literature but with an upward shift in yield strength of 

approximately 200 MPa.  This large increase in yield strength as compared to the trend line for 

the Gladman et al. data is slightly deceiving since the data in Figure 5.11 are not corrected for 

alloying or other microstructural effects.  Figure 5.12 shows the calculated yield strength, using 

Equation 2.22, versus the observed (or experimental) yield strength for the thermal simulations as 

well as data from Gladman et al.  The relationship derived by Gladman et al. (Equation 2.22) 

takes into account solid solution strengthening effects as well as microstructural influences.  

Again the thermal simulations show comparable values to data provided by Gladman et al. for 

some V microalloyed steels.  The contribution to precipitation strengthening appears to be on the 

order of 70 to 150 MPa for all conditions tested except for one, the 45-1100 thermal simulation 

for the 31Al alloy.  This particular thermal simulation has approximately 10 pct less V 

precipitated than the 6Al specimen of the same thermal simulation.  The amount of V precipitated 

can be converted to an approximate volume fraction using  

 ( )
MX

Fe
V mf

ρ
ρ

01.0=  (5.7) 

where fV is the volume fraction of the MX compound, m is the wt pct of the MX compound, ρFe is 

the density of iron, and ρMX is the density of the MX compound [10].  It is important to note that 

this volume fraction approximation is only valid if m is on the order of 0.1 wt pct.  Using 

Equation 5.5 (along with ρFe = 7.86 g/cm3 , ρVC = 5.83 g/cm3, and ρVN = 6.18 g/cm3) the 

approximate volume fraction of V(C,N) in the 45-1100 thermal simulation for the 6Al alloy is 8.7 

to 9.0 x 10-4 and for the 31Al alloy is 7.4 to 7.6 x 10-4.  Figure 5.13 shows particle diameter 

versus volume fraction with iso-stress contours defined by the Ashby-Orowan equation 

(Equation 2.14).  The approximate volume fractions of V(C,N) for select thermal simulations are 

highlighted.  The approximate V(C,N) volume fraction of the 45-1100 thermal simulation for the 

31Al alloy is lower than the 6Al alloy, however not significantly.  Figure 4.16 shows TEM bright 

field images of ferritic regions in specimens of 6Al and 31Al alloys from the 45-1100 thermal 
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simulation.  A significant difference can be seen between the sizes of the precipitates, with the 

31Al having the smaller precipitates.  Although, this observation is interesting it is inconclusive 

without additional TEM analysis to determine precipitate size distributions on multiple 

specimens. 

 

Figure 5.11 Yield strength as a function of pearlite area fraction for tensile specimens of 
select thermal simulations and in the as-received condition for the three alloys in 
the present study as well as values from Gladman et al.[46]. 

 

 

Figure 5.12 Calculated versus observed values of yield strength from tensile specimens of 
select thermal simulations for the three alloys in the present study as well as 
values from Gladman et al.[46]. 
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Figure 5.13 Particle diameter versus volume fraction for volume fraction relative to V(C,N) 
precipitation strengthening.  Iso-stress lines are determined by the Ashby-
Orowan equation.  The approximate volume fraction ranges of specific thermal 
simulations are shown. 

5.2 Thermomechanical Simulations 

Specific thermal simulations were selected to conduct single-hit compression tests at 

1000 °C to 40 pct reduction.  Hardness and pearlite fraction for corresponding thermal and 

thermomechanical simulations are compared and discussed. 

5.2.1 Microhardness and Microstructure 

The compression step at 1000 °C was conducted to provided AGS refinement as well as 

the potential for strain-induced precipitation of N rich V(C,N) precipitates.  The conditions 

evaluated were:  45-1100, 45-1150, 5-1200, 45-1200, and 5-1250 for all three alloys.  Figure 5.14 

shows microhardness as a function of pearlite fraction for the simulations compression tested 

along with the corresponding thermal simulations for all three alloys.  Thermomechanically tested 

6Al specimens exhibited very little drop in microhardness compared to the corresponding thermal 

simulations although they had almost 10 pct less pearlite.  These same hardness values with 

reduced pearlite content is an indication of possible strain-induced precipitation leading to the 

increase in strength.  The thermomechanical tested 20Al and 31Al specimens showed a drop in 

microhardness with the lower pearlite fractions when compared to the thermal simulations 

without deformation. 
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(a) 

  
(b) (c) 

Figure 5.14 Pearlite area fraction versus Vickers microhardness for select thermal and 
corresponding thermomechanical simulations (indicated with a “D” in the 
legend) for specimens of (a) 6Al (b) 20Al, (c) and 31Al alloys.  Error bars 
represent 95 pct confidence intervals for the mean. 

 
Figure 5.15 shows the change in microhardness with pearlite area fraction for thermal and 

thermomechanical simulations of both 20Al and 31Al specimens.  The drop in microhardness and 

pearlite fraction in the 20Al and 31Al specimens for both the thermal and thermomechanical 

simulations appears to follow the same linear trend.  The observation that the higher Al content 

alloys follow the same trend with respect to microhardness and pearlite fraction with and without 

deformation may be due to the prior AlN precipitation.  The precipitation of AlN during cooling, 

before the compression step at 1000 °C, reduces the amount of N in solid solution and lowers the 

temperature at which V(C,N) precipitation would occur.  Lowering the V(C,N) precipitation 
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temperature could reduce strain-induced precipitation or even make it non-existent depending on 

how much N is available after precipitation of AlN. 

 

 

Figure 5.15 Pearlite area fraction versus Vickers microhardness for select thermal and 
corresponding thermomechanical simulations (indicated with a “D” in the 
legend) for 20Al and 31Al specimens.  Error bars represent 95 pct confidence 
intervals for the mean. 
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CHAPTER 6 

SUMMARY 

The purpose of this project was to assess the impact of Al content on the microstructure 

and mechanical properties of commercial V microalloyed medium-carbon steels used in air-

cooled forging applications.  In particular, the objective was to experimentally examine the 

interaction of Al and N during the reheat cycle for forging and evaluate the influence of Al on 

V(C,N) precipitation during subsequent air cooling. 

38MnSiVS5 steel with three different Al levels (0.006, 0.020, and 0.031 wt pct Al) was 

processed through thermal and thermomechanical simulations using a Gleeble® 1500 

thermomechanical simulator.  The heating and cooling profiles were held constant for all 

simulations, varying only hold time (5, 15, and 45 min) and temperature (1050, 1100, 1150, 1200, 

1250 °C).  Microhardness and quantitative metallography were conducted on all conditions.  

Tensile testing, single-hit compression testing, and electrolytic extraction of precipitates testing 

was conducted on select thermal simulations.  A summary of important observations and 

conclusions made from this research are listed below. 

 
1. A strong linear relationship is seen between pearlite fraction and microhardness at the three 

higher temperatures examined (1150, 1200, and 1250 °C) for all hold times and all Al levels.  

The linear model explained approximately 92 pct of the variation in the data.  Given that all 

Al levels followed the same linear model the microhardness is likely dependent primarily on 

the pearlite fraction and the magnitude of the strength increase due to precipitation of V(C,N) 

is likely constant. 

 
2. No discernable trend was observed between pearlite fraction and microhardness at the two 

lowest temperatures (1050 and 1100 °C) for all hold times and all Al levels; however, on 

average the hardness and pearlite fraction appear to decrease with increasing Al content.  

Given that the 31Al alloy exhibited a significantly smaller austenite grain size (AGS) at 1050 

and 1100 °C than the 6Al alloy under the same conditions, this behavior is likely explained 

by AGS refinement due to AlN.  Electrolytic extraction data showed that the AGS was 

independent of the amount of Al precipitated in the 6Al alloy while an increase in the amount 

of Al precipitated in the 31Al alloy results in a significant decrease in the AGS.  For both the 

6Al and 31Al alloys at 1050, 1100, and 1150 °C the pearlite fraction correlated well with 
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austenite grain surface area per unit volume; indicating that as AGS decreases, pearlite 

fraction decreases. 

 
3. Thermal simulations with 15 and 45 min hold times at 1050 and 1100 °C as well as with a 

45 min hold at 1150 °C for both the 6Al and 31Al alloys were tested using the electrolytic 

extraction method.  The results showed that the amount of V precipitated in the 6Al alloy was 

very consistent for all thermal simulations examined (approximately 70 pct); while the 31Al 

alloy had less V precipitated than the 6Al in all conditions.  Specimens from the thermal 

simulations had a significantly larger amount of Al precipitated and smaller amounts of V 

precipitated than the as-received condition.  Specimens held at 1050 and 1100 °C for 15 min 

exhibited essentially the same amount of Al and V precipitated.  Specimens held for 45 min 

at 1050, 1100, and 1150 °C showed a peak Al precipitation at 1050 °C of 75 pct but steadily 

decreased as temperature increased.  A linear model regressing the amount of V precipitated 

on the amount of Al precipitated explains greater than 94 pct of the variability in the data for 

the 6Al and 31Al alloys and indicates a clear competition for N between AlN and V(C,N) 

precipitation in the conditions examined. 

 
4. A quasi-solubility product was calculated for AlN from electrolytic extraction data for 

specimens of 31Al held at 1050, 1100, and 1150 °C for 45 min 

The quasi-solubility product indicates that for the conditions described more AlN 

precipitation occurred in the 31Al alloy than predicted by the equilibrium solubility product 

from literature.   

 
5. Tensile specimens of all Al levels were processed through select thermal simulations and 

tested.  The thermal simulations used were 45 min hold times at 1100, 1150, and 1200 °C as 

well as with a 5 min hold at 1200 and 1250 °C.  When comparing calculated yield strengths 

(using Equation 2.22) to observed values, the thermal simulations show comparable values to 

data from literature for air cooled medium and high carbon V microalloyed steels.  The 

contribution to precipitation strengthening appears to be on the order of 70 to 150 MPa for all 

conditions tested except for one, the 45 min hold at 1100 °C thermal simulation for the 31Al 

alloy based on the calculated versus observed yield strength plot.  The approximate volume 

fraction of V(C,N) in the 45 min hold at 1100 °C thermal simulation for the 6Al alloy is 8.7 

to 9.0 x 10-4 and for the 31Al alloy is 7.4 to 7.6 x 10-4. 
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6. Thermomechanical test specimens of all Al levels were processed through select thermal 

simulations and characterized using microhardness and quantitative metallography.  The 

thermal simulations used were 45 min hold times at 1100, 1150, and 1200 °C as well as with 

a 5 min hold at 1200 and 1250 °C with a single-hit compression step added at 1000 °C for 

40 pct reduction.  The 6Al thermomechanically tested specimens maintained hardness while 

having reduced pearlite content of about 10 pct. This higher strength at reduced amount of 

pearlite may indicate an increase in precipitation strengthening via strain-induced 

precipitation.  The thermomechanical tested 20Al and 31Al specimens showed a significant 

drop in microhardness and pearlite fraction compared to the thermal simulations without 

deformation.  The drop in microhardness and pearlite fraction in the 20Al and 31Al 

specimens for both the thermal and thermomechanical simulations appears to follow the same 

linear trend.  This observation may indicate AlN precipitation reducing the amount of N in 

solid solution and lower the temperature at which V(C,N) precipitation would occur, reducing 

strain-induced precipitation. 
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CHAPTER 7 

FUTURE WORK 

In order to more fully asses the influence of Al on V(C,N) precipitation in air-cooled 

forging steels further testing and analysis is required.  Listed below are areas of potential interest. 

 
1. Air-cooled forging steels often have a sulfur added for machinability.  In the as-received 

condition AlN precipitation was observed along with VN precipitation on MnS inclusions.  

Whether or not the AlN and VN precipitation happened in series or simultaneously is unclear.  

Understanding the conditions in which AlN precipitation occurs on MnS inclusions as well as 

quantifying the amount of AlN precipitated on MnS inclusions may lead to optimizing 

alloying strategies. 

 
2. A more extensive TEM study of precipitate size distribution and chemistry for the thermal 

simulations should be conducted.  The results of such a study would allow for more accurate 

estimations of the influence of AlN on V(C,N) precipitation. 

 
3. The electrolytic extraction method is a very useful tool for microalloying studies in general.  

The majority of the solubility products for AlN found in literature are for low carbon steels.  

Developing microalloy carbide and nitride solubility products for higher carbon compositions 

would be very useful. 

 
4. Aluminum additions are made to air-cooled forging steels primarily for grain size control 

during processing post forging (e.g. induction hardening).  Fett and Held [80] found that Al 

increased the induction hardenability of V microalloyed medium-carbon steels; however, Fett 

and Held suggested no specific mechanism for why the increase was observed.  A study 

looking at the influence of Al on the properties and performance of induction hardened V 

microalloyed steels may be of particular interest given industrial practices. 
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APPENDIX A 

AS-RECEIVED MATERIAL CHARACTERIZATION 

This appendix provides additional data and analysis regarding characterization of the 

three alloys used in this study in the as-received condition.  Figure A.1 shows two schematics 

providing the relative location of metallography specimens, hardness tests, and chemical analysis 

tests conducted on cross-sections of each alloy.  Macrohardness traverses were performed radially 

every 15° from the center to the surface in the Rockwell “C” scale (HRC).  Metallography 

specimens for both the longitudinal and transverse directions were taken from the surface (or 

edge), mid-radius, and center.  Phase fractions, ferrite grain sizes, and inclusion distributions were 

determined for all specimens.  A single radial traverse was conducted to determine chemical 

composition variations.  All elements analyzed were determined via optical emission 

spectroscopy (OES) except nitrogen which was determined via inert gas fusion (LECO).  

Hardness and chemical analysis traverses were conducted on the same 5 mm (0.197 in) interval 

from center to surface of the cross-sections to facilitate analysis by assuming paired data.  It is 

important to note that two separate cross-sections were used to characterize each alloy in the as-

received condition.  One cross-section was used for hardness testing and metallography while a 

second was sent to an external lab for chemical analysis. 

 

    
(a) (b) 

Figure A.1 Schematics indicating the relative location of (a) hardness tests and 
metallography specimens as well as (b) chemical analysis tests performed on 
cross-sections of each alloy.   
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A.1 Hardness Testing 

The hardness traverses indicate that a distinct radial hardness gradient is present in all 

three alloys. The hardness is at a minimum near the circumference, rises to a maximum just 

before the mid-radius, and decreases towards the center. Figure A.2 shows polar contour plots for 

the three alloys. The contour plots indicate the gradient characteristics are relatively consistent 

among the three alloys. To verify this observation, the hardness observed at each radial distance 

was verified to be consistent with a normal distribution, averaged, and 95 pct confidence intervals 

were constructed for the mean. 

 

   
(a) (b) (c) 

Figure A.2 Polar contour plots of hardness as a function of radial distance and angle for (a) 
6Al, (b) 20Al, and (c) 31Al alloys. 

 
 

Figure A.3 shows the mean hardness and 95 pct confidence intervals as a function of 

distance from the surface of the bar, as well as both polynomial and locally-weighted scatterplot 

smoothing (LOESS) regression fits for the aggregated hardness data. The confidence intervals for 

the three alloys at all radial distances overlap, which indicate that at the 95 pct level, there is no 

statistical difference between the mean hardness of the three at a given distance from the surface. 

Both polynomial and LOESS regression fits were developed to model the trend observed in the 

hardness gradient for the grouped hardness [74]. A fifth-order polynomial fit was determined to 

best describe the data based on p-values of coefficients, residual plots, and visual inspection of 

the fit quality. An adjusted coefficient of determination (adjusted R2) of only 0.5619 was 

achieved with the fifth-order polynomial, due to the large variation in hardness values observed at 

a given distance from the surface. Although polynomial regression is commonly used to describe 

nonlinear patterns in data, a LOESS regression fit is much more robust. The LOESS regression is 

a locally-weighted polynomial regression fit that is ideal to use in modeling complex empirical 
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data for which no theoretical model exists. Therefore, a LOESS regression was also used to fit the 

hardness profile. Both the polynomial and LOESS fits are relatively consistent with each other. 

 

 

Figure A.3 Radial hardness profile in the hot-rolled 6Al, 20Al, and 31Al alloys in the 
transverse direction. Error bars represent the 95 pct confidence interval for the 
mean. Both fifth-order polynomial and locally weighted scatterplot smoothing 
(LOESS) fits are plotted for the data.  

 

A.2 Chemical Analysis 

To better understand the cause for the radial hardness gradient, chemical compositions 

were taken at the same interval as the hardness testing on a separate cross-section of each alloy. 

Figure A.4 shows a paired plot of the combined hardness and chemical analysis data for all three 

alloys. The paired plot is intended as a qualitative method to readily determine relationships 

between hardness and certain key alloying elements. The lower panel contains scatterplots with 

LOESS regression fits, the diagonal has histograms for the individual variables, and the upper 

panel shows the absolute value of the Pearson correlation coefficient along with coefficient 

significance (e.g. *** denotes a p-value between 0.000 and 0.001). The relatively high correlation 

coefficient between the chemical data was anticipated since the high sulfur content of the steel 

promotes MnS inclusions for which nitrogen rich V (C, N) precipitate on at high temperature and 

provide preferential nucleation sites for ferrite upon cooling [1]. However, of all the alloying 

elements recorded from the OES data, only carbon has a reasonably high correlation with 

hardness. 
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Figure A.4 A paired plot used to readily identify potential relationship between hardness, 
carbon (C), manganese (Mn), sulfur (S), and vanadium (V). Hardness was 
measured on the Rockwell “C” scale while the chemical elements were measured 
in wt pct. Paired plots with LOESS fitting on the lower half of the plot, 
histograms for the individual categories of data in the diagonal, and the absolute 
value of the Pearson correlation coefficient along with coefficient significance in 
the upper half of the plots. Level of significance is as follows: 0  ***  0.001  **  
0.01  *  0.05  -  0.1  ·  1 

 

In order to directly compare hardness to the carbon content of the three alloys, a similar 

analysis is done for carbon as previously presented for hardness. Figure A.5 shows the radial 

carbon profile for the three alloys along with appropriate polynomial and LOESS regression fits. 

Although only a single traverse was done for each alloy, the carbon data between the different 

alloys agree very well and show similar profile characteristics, as did the hardness data. 

0.09 
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Figure A.5 Radial carbon profile in the hot-rolled 6Al, 20Al, and 31Al alloys in the 
transverse direction. Both fifth-order polynomial and LOESS (locally weighted 
scatterplot smoothing) fits are plotted for the data.  

 
The hardness and carbon data were best represented by fifth-order polynomial fits. 

Figure A.6 shows a comparison plot of the polynomial and LOESS fits for the combined hardness 

data as well as for the combined carbon data for the three alloys. The overall graphical shape of 

the hardness and carbon data are similar; however, they peak at slightly different locations. This 

may be a result of the increased variability in the carbon data due to the relatively small number 

of data points or the different amount of material being sampled between the different testing 

techniques.  HRC tests influence a relatively small area (approximately 1 mm/0.04 in) with a 

reasonable amount of depth (approximately 0.18 mm/0.007 in for 20 HRC materials) [75].  OES 

tests influence a relatively large area (approximately 4 mm) with very little sample depth (on the 

range of 0.01 to 0.05 mm/0.0004 to 0.002 in) [76]. 

 

 

Figure A.6 Regression fits for both the combined hardness data and the combined carbon 
data. All data was centered and standardized to allow for comparison of the 
hardness and carbon fits.  
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A.3 Microstructure 

Quantitative metallography results in both longitudinal and transverse directions at the 

edge, mid-radius, and center for each alloy are presented.  Figures A.7, A.8, and A.9 show 

representative optical micrographs for the aforementioned locations and directions for 31Al, 

20Al, and 6Al, respectively.  All alloys examined exhibit similar ferrite-pearlite microstructure 

with large inclusions, believed to be primarily manganese sulfide (MnS), which are desirable in 

this particular grade for increased machinability.  Grain boundary ferrite as well as a significant 

amount of intragranular ferrite can be seen at all three locations within the bar.  Table A.1 and 

A.2 show the areal fraction of ferrite and pearlite at the edge, mid-radius, and center for each 

alloy as well as corresponding micro and macrohardness in the transverse and longitudinal 

directions, respectively.  The areal fraction of inclusions was recorded; however, not presented 

due to the inaccuracy of determining very small microstructural constituents with fields with less 

than 500 points.  Notice that in the transverse direction the area fraction of pearlite follows a 

similar trend as the radial hardness traverses presented previously. 

Figure A.10 shows the ferrite grain sizes for all alloys in the longitudinal and transverse 

directions.  All alloys exhibit a continual increase in ferrite grain size from the edge towards the 

center of the bar in both the longitudinal and transverse directions. This indicates the ferrite grain 

size may be closely related to cooling rate, since the bar would cool fastest at the edge and more 

slowly at the center. The steel with the highest aluminum content exhibited the most equiaxed 

structure at all three locations analyzed in the bar. Figure A.11 shows the relationship between the 

hardness data previously presented and the area fraction of pearlite, in the transverse direction, at 

each location within the bar. The area fraction of pearlite follows a similar trend as the radial 

hardness traverses where the mid-radius has the highest hardness and pearlite area fraction while 

the edge has the lowest hardness and pearlite area fraction. This trend is consistent between all 

three alloys and indicates the pearlite area fraction has a significant impact on the hardness 

gradient. Figure A.12 shows how the carbon content relates to the area fraction of pearlite. 

Although the carbon content and pearlite fraction trend well with hardness, the non-linear 

relationship between carbon content and pearlite fraction indicate that carbon content alone is not 

controlling the fraction of pearlite in the alloys examined.  
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Figure A.7 Optical micrographs of the 6Al alloy in the as-received condition.  Micrographs 
(a), (c), and (e) represent longitudinal specimens at the edge, mid-radius, and 
center of the bar, respectively.  Micrographs (b), (d), and (f) represent transverse 
specimens at the edge, mid-radius, and center of the bar, respectively.  All 
micrographs were taken at 100x magnification with a four pct picral etch. 
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Figure A.8 Representative optical micrographs of the 20Al steel. Micrographs (a), (c), and 
(e) represent longitudinal specimens at the edge, mid-radius, and center of the bar, 
respectively. Micrographs (b), (d), and (f) represent transverse specimens at the 
edge, mid-radius, and center of the bar, respectively. All micrographs were taken 
at 100x magnification with a four pct picral etch. 
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Figure A.9 Optical micrographs of the 31Al alloy in the as-received condition.  Micrographs 
(a), (c), and (e) represent longitudinal specimens at the edge, mid-radius, and 
center of the bar, respectively.  Micrographs (b), (d), and (f) represent transverse 
specimens at the edge, mid-radius, and center of the bar, respectively.  All 
micrographs were taken at 100x magnification with a four pct picral etch. 
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Table A.1 – Phase fraction and hardness of the as-received material in the transverse direction, 
 the mean ± 95 pct confidence interval is reported. 

Alloy Location Pearlite Ferrite 
Microhardness 

(HV1000) 
Macrohardness 

(HRC) 

Edge 0.70 ± 0.02 0.29 ± 0.02 --- 21.9 ± 0.3 
Mid-radius 0.79 ± 0.02 0.19 ± 0.03 290.6 ± 5.2 25.3 ± 0.5 31Al 

Center 0.74 ± 0.02 0.25 ± 0.02 --- 23.2 ± 0.7 
Edge 0.69 ± 0.01 0.29 ± 0.01 --- 21.6 ± 0.3 

Mid-radius 0.80 ± 0.03 0.18 ± 0.03 270.5 ± 4.9 25.2 ± 0.4 20Al 
Center 0.72 ± 0.02 0.28 ± 0.02 --- 22.6 ± 0.5 
Edge 0.68 ± 0.01 0.31 ± 0.02 --- 22.2 ± 0.3 

Mid-radius 0.80 ± 0.02 0.19 ± 0.02 267.8 ± 4.8 24.5 ± 0.5 6Al 
Center 0.71 ± 0.01 0.28 ± 0.01 --- 21.8 ± 0.5  

 

Table A.2 – Phase fraction and hardness of the as-received material in the longitudinal direction, 
 the mean ± 95 pct confidence interval is reported. 

Alloy Location Pearlite Ferrite 
Microhardness 

(HV1000) 
Macrohardness 

(HRC) 

Edge 0.69 ± 0.01 0.23 ± 0.01 --- --- 
Mid-radius 0.80 ± 0.02 0.19 ± 0.02 285.6 ± 6.0 --- 31Al 

Center 0.75 ± 0.02 0.25 ± 0.03 --- --- 
Edge 0.69 ± 0.02 0.30 ± 0.02 --- --- 

Mid-radius 0.77 ± 0.03 0.22 ± 0.03 274.6 ± 1.9 --- 20Al 
Center 0.74 ± 0.03 0.25 ± 0.04 --- --- 
Edge 0.69 ± 0.02 0.30 ± 0.02 --- --- 

Mid-radius 0.77 ±0.02 0.22 ± 0.02 274.5 ± 4.8 --- 6Al 
Center 0.72 ± 0.04 0.28 ± 0.04 --- ---  

 

Figure A.13 shows the inclusion morphology characteristics for all Alloys. All inclusion 

data were found to most closely fit a lognormal distribution. Inclusion area and Feret diameter 

(i.e. maximum caliper) are smallest and most consistent between the longitudinal and transverse 

directions at the edge of the bar in all alloys.  Decreased inclusion size at the edge indicates the 

bar experienced more deformation during hot rolling at the edge than any other location within 

the bar. The increased deformation decreased the overall size while increasing the quantity of 

inclusions. Since MnS inclusions have been shown to inhibit austenite grain growth [77], as well 

as nucleate ferrite in vanadium microalloyed alloys [1], the differences in pearlite fraction may be 

due to a combination of carbon segregation and inclusion effects. 
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Figure A.10 Ferrite grain size at the edge, mid-radius, and center for each alloy in the 
longitudinal (L) and transverse (T) directions. Error bars represent the 95 pct 
confidence interval for the mean. 

 

 

Figure A.11 Hardness plotted as a function of areal fraction of pearlite in the transverse 
direction. Error bars represent the 95 pct confidence interval for the mean.  
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Figure A.12 Pearlite area fraction plotted as a function of carbon content in the transverse 
direction. Error bars represent the 95 pct confidence interval for the mean.  

 

 
(a) 

 
(b) 

Figure A.13 Average inclusion (a) area and (b) Feret diameter at the edge, mid-radius, and 
center for each alloy in the longitudinal (L) and transverse (T) directions.  Error 
bars indicate one standard deviation from the mean. 
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A.4 Summary 

Variations in hardness, chemistry, and microstructure were examined for a 38MnSiVS5 

steel at three different Al levels, and have resulted in the following observations: 

• A distinct radial hardness gradient exists in all three of the alloys with the highest 

hardness close to the mid-radius of the bar. No statistically significant difference is 

observed between the hardness gradients of the three alloys at the 95 pct confidence 

level. 

• Chemical analysis indicates there is a significant correlation between all elements 

presented: carbon, manganese, sulfur, and vanadium. Carbon provides the best 

correlation with hardness out of the elements examined. 

• A fifth-order polynomial regression fit best represents the combined hardness data and 

combined carbon data from all three alloys. Comparison of polynomial regression fits 

and locally weighted scatterplot smoothing (LOESS) fits for the combined hardness data 

and combined carbon data show similarities in shape; however, their maxima occur at 

slightly different locations. This difference may be a result of the different volume of 

material analyzed by the two techniques used to obtain the data or different specimen 

sizes leading to differences in variability of the two curves. 

• Pearlite area fraction varies radially in all of the alloys. The area fraction of pearlite 

closely correlates with the observed hardness gradient. The mid-radius of all alloys, in the 

transverse direction, contained the largest area fraction of pearlite at approximately 0.80. 

• Ferrite grain size is smallest at the edge and increases towards the center of the bar.  

• Inclusion area and Feret diameter are smallest at the edge of the bar.  
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APPENDIX B 

TEST SPECIMEN GEOMETRIES 

This appendix provides schematics for all specimen geometries used in mechanical 

testing, dilatometry, thermal simulations, and thermomechanical simulations.  All test specimens 

were machined from the mid-radius of the bar.  Figure B.1 shows a schematic of the specimen 

used for all hot compression testing as well as all thermal simulations that involved no 

deformation.  Figure B.2 shows a schematic of the specimen used for all preliminary dilatometry 

used to determine the approximate range of austenite decomposition during thermal simulations.  

Figure B.3 shows a schematic of the tensile testing specimen used to determine quasi-static 

uniaxial tensile properties for the three alloys in the as-received condition.  Figure B.4 shows a 

schematic of the heat treatment blanks that were cycles through thermal simulations and 

subsequently machined into tensile specimens.  Figure B.5 shows a schematic of the tensile 

specimens machined from the heat treatment blanks. 

 

 

Figure B.1 Schematic of hot compression specimen used in thermal and thermomechanical 
simulations for all three alloys.   
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Figure B.2 Schematic of dilatometry specimen used to determine critical temperatures for all 
three alloys.   

 

 

Figure B.3 Schematic of tensile specimen used to determine quasi-static uniaxial tensile 
properties of all three alloys in the as-received condition.  Specimen geometry 
conforms to ASTM E8 specifications [71]. 
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Figure B.4 Schematic of tensile specimen blanks that were heat-treated and machined into 
sub-sized tensile specimens.   

 

 

Figure B.5 Schematic of sub-sized tensile specimens machined from heat-treated blanks.   
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APPENDIX C 

TENSILE CURVES – AS-RECEIVED CONDITION 

This appendix provides engineering stress-strain curves for all tensile specimens tested 

for the as-received condition.  For a given alloy the yield strength, work-hardening behavior, 

ultimate tensile strength, and uniform elongation are relatively consistent; however, post-uniform 

elongation varies from specimen to specimen. 

 

 
(a) 

  
(b) (c) 

Figure C.1 Engineering stress-strain curves for tensile specimens of (A) 6Al, (b) 20Al, and 
(c) 31Al in the as-received conditions.  Testing was done at room temperature. 
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APPENDIX D 

MICROSTRUCTURE – THERMAL SIMULATIONS 

This appendix provides representative light micrographs used to determine general 

quantitative metallographic data for all conditions, representative light micrographs used to 

determine AGS, and representative SEM images used for ILS measurements.  Figure D.1 through 

Figure D.9 show representative light micrographs for all conditions.  Each figure consists of five 

micrographs, one of each hold temperature (1050, 1100, 1150, 1200, and 1250 °C) for a given 

hold time (5, 15, and 45 min) and alloy (6Al, 20, and 31Al).  Figure D.10 through Figure D.12 

show representative light micrographs for the specific conditions in which AGS was examined.  

Each figure consists of six micrographs that represent a single hold time (5, 15, or 45min); each 

row is a single hold temperature (1050, 1100, or 1150 °C) and each column is a single alloy (6Al 

or 31Al).  Figure D.13 through Figure D.15 show representative SEM secondary electron images 

for the specific conditions in which ILS was measured.  Each figure consists of five images that 

represent a single alloy (6Al, 20Al, or 31Al); each image is a different condition (hold time in 

min – hold temperature in °C):  45-1100, 45-1150, 45-1200, 5-1200, or 5-1250. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.1 Representative light micrographs of 6Al specimens after a 5 min hold at (a) 1050, 
(b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (d) were taken at 100x while (e) was taken at 50x 
magnification. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.2 Representative light micrographs of 6Al specimens after a 15 min hold at (a) 
1050, (b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (d) were taken at 100x while (e) was taken at 50x 
magnification. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.3 Representative light micrographs of 6Al specimens after a 45 min hold at (a) 
1050, (b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (c) were taken at 100x while (d) and (e) were taken at 
50x magnification. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.4 Representative light micrographs of 20Al specimens after a 5 min hold at (a) 
1050, (b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (d) were taken at 100x while (e) was taken at 50x 
magnification. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.5 Representative light micrographs of 20Al specimens after a 15 min hold at (a) 
1050, (b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (d) were taken at 100x while (e) was taken at 50x 
magnification. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.6 Representative light micrographs of 20Al specimens after a 45 min hold at (a) 
1050, (b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (c) were taken at 100x while (d) and (e) were taken at 
50x magnification. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.7 Representative light micrographs of 31Al specimens after a 5 min hold at (a) 
1050, (b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (d) were taken at 100x while (e) was taken at 50x 
magnification. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.8 Representative light micrographs of 31Al specimens after a 15 min hold at (a) 
1050, (b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (d) were taken at 100x while (e) was taken at 50x 
magnification. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.9 Representative light micrographs of 31Al specimens after a 45 min hold at (a) 
1050, (b) 1100, (c) 1150, (d) 1200, and (e) 1250 °C with a 4 pct picral etch.  
Micrographs (a) through (c) were taken at 100x while (d) and (e) were taken at 
50x magnification. 

 



 

139 

 6Al 31Al 

10
50

 

  
 (a) (b) 

11
00

 

  
 (c) (d) 

11
50

 

  
 (e) (f) 

Figure D.10 Representative light micrographs of 6Al and 31Al specimens used to determine 
austenite grain size after a 5 min hold at 1050, 1100, and 1150 °C.  Micrographs 
(a), (c), and (e) represent 6Al specimens while micrographs (b), (d), and (f) 
represent 31Al specimens at 1050, 1100, and 1150 °C, respectively.  
Micrographs (a), (b), (d), and (f) were taken at 200x while (c) and (e) were taken 
at 100x magnification.  Micrographs (c) and (e) were etched with 4 pct picral 
while all others were etched with hot saturated picric acid in water. 
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Figure D.11 Representative light micrographs of 6Al and 31Al specimens used to determine 
austenite grain size after a 15 min hold at 1050, 1100, and 1150 °C.  Micrographs 
(a), (c), and (e) represent 6Al specimens while micrographs (b), (d), and (f) 
represent 31Al specimens at 1050, 1100, and 1150 °C, respectively.  
Micrographs (a), (b), (d), and (f) were taken at 200x while (c) and (e) were taken 
at 100x magnification.  Micrographs (c) and (e) were etched with 4 pct picral 
while all others were etched with hot saturated picric acid in water. 
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Figure D.12 Representative light micrographs of 6Al and 31Al specimens used to determine 
austenite grain size after a 45 min hold at 1050, 1100, and 1150 °C.  Micrographs 
(a), (c), and (e) represent 6Al specimens while micrographs (b), (d), and (f) 
represent 31Al specimens at 1050, 1100, and 1150 °C, respectively.  
Micrographs (a), (b), and (d) were taken at 200x while (c), (e), and (f) were taken 
at 100x magnification.  Micrographs (c), (e), and (f) were etched with 4 pct picral 
while all others were etched with hot saturated picric acid in water. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.13 Representative SEM secondary electron images used to determine pearlite 
interlamellar spacing in 6Al specimens held for (a) 45 min at 1100 °C, (b) 45 min 
at 1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1250 °C, and (e) 5 min at 
1200 °C.  Images were taken at 10,000x magnification after a light 4 pct picral 
etch. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.14 Representative SEM secondary electron images used to determine pearlite 
interlamellar spacing in 20Al specimens held for (a) 45 min at 1100 °C, (b) 
45 min at 1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1250 °C, and (e) 5 min at 
1200 °C.  Images were taken at 10,000x magnification after a light 4 pct picral 
etch. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure D.15 Representative SEM secondary electron images used to determine pearlite 
interlamellar spacing in 31Al specimens held for (a) 45 min at 1100 °C, (b) 
45 min at 1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1200 °C, and (e) 5 min at 
1250 °C.  Images were taken at 10,000x magnification after a light 4 pct picral 
etch. 
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APPENDIX E 

TENSILE CURVES – SELECT THERMAL SIMULATIONS 

This appendix provides engineering stress-strain curves for all tensile specimens tested 

for five specific thermal simulations (hold time in min – hold temperature in °C):  45-1100, 

45-1150, 45-1200, 5-1200, or 5-1250.  Each figure contains five plots, one plot of each condition 

for a given alloy. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure E.1 Engineering stress-strain curves for tensile specimens of 6Al held for (a) 45 min 
at 1100 °C, (b) 45 min at 1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1200 °C, 
and (e) 5 min at 1250 °C.  Testing was done at room temperature. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure E.2 Engineering stress-strain curves for tensile specimens of 20Al held for (a) 45 min 
at 1100 °C, (b) 45 min at 1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1200 °C, 
and (e) 5 min at 1250 °C.  Testing was done at room temperature. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure E.3 Engineering stress-strain curves for tensile specimens of 31Al held for (a) 45 min 
at 1100 °C, (b) 45 min at 1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1200 °C, 
and (e) 5 min at 1250 °C.  Testing was done at room temperature. 
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APPENDIX F 

MICROSTRUCTURE – THERMOMECHANICAL SIMULATIONS 

This appendix provides representative light micrographs used to determine general 

quantitative metallographic data for five select thermal simulations modified to have a single-hit 

compression step of 40 pct reduction at 1000 °C (i.e. thermomechanical simulation).  Each figure 

consists of five micrographs that represent a single alloy (6Al, 20Al, or 31Al); each image is a 

different simulation (hold time in min – hold temperature in °C):  45-1100, 45-1150, 45-1200, 

5-1200, or 5-1250. 



 

150 

 
(a) 

  
(b) (c) 

  
(d) (e) 

Figure F.1 Representative light micrographs of 6Al specimens compressed to 40 pct 
reduction at 1000 °C after being held for (a) 45 min at 1100 °C, (b) 45 min at 
1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1250 °C, and (e) 5 min at 1200 °C.  
Micrographs were taken at 100x magnification with a 4 pct picral etch. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure F.2 Representative light micrographs of 20Al specimens compressed to 40 pct 
reduction at 1000 °C after being held for (a) 45 min at 1100 °C, (b) 45 min at 
1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1250 °C, and (e) 5 min at 1200 °C.  
Micrographs were taken at 100x magnification with a 4 pct picral etch. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure F.3 Representative light micrographs of 31Al specimens compressed to 40 pct 
reduction at 1000 °C after being held for (a) 45 min at 1100 °C, (b) 45 min at 
1150 °C, (c) 45 min at 1200 °C, (d) 5 min at 1250 °C, and (e) 5 min at 1200 °C.  
Micrographs were taken at 100x magnification with a 4 pct picral etch. 

 


