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CHAPTER 8 
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Alloys consist of a combination of two or more metal elements in the solid state.  In engineering 
work, alloys, rather than pure metals, are generally used because of their superior properties.  
Ordinary steels, for example, are alloys of iron and carbon and are preferred to pure iron because 
of strength and other considerations.  Important mechanical properties of alloys are related to the 
solid phases, or homogenous parts, that form from the combination of elements.  Such phases are 
observable on the microscopic scale, and their study is important in understanding alloy properties. 
 
8.1 Types of Alloying 
 
Interstitial is where the alloy elements are located in spaces between atoms in the unit cell.   For 
instance, when carbon (Atomic radius 0.129 nm) is added to iron (0.075nm), the carbon fits into 
the gap between the Fe atoms (interstitial site).  The solubility depends on the size of these gaps 
and the crystal structure. 
 
Substitutional is where the alloying elements are located in vacancies in the unit cell.  An atom of 
one element substitutes for another in the crystal structure. 
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Fig. 1 

 
 
8.2 Hume-Rothery Rules for Alloying 
 
It is not possible for every combination of materials to form an alloy.  The following rules are for 
maximum solubility in substitutional alloying: 
 

1. Same Crystal Structure (BCC, FCC, HCP for instance) 
2. Same Valency Factor 
3. Similar Electronegativity – the tendancy for the atom to attract a shared pair of electrons.  

This depends on the atomic number and the distance at which the valence electrons are 
from the nucleus. 

4. Difference in atomic radius <= 15% 

In interstitial alloying, the solute atoms should be <= 59% of the atomic radius of the solvent 
atoms. 
 
 
8.3 Material Systems 
A material system refers to a definite amount of material or materials. 
 
The components in a system refer to the smallest number or individual substances that must be 
listed to describe the chemical composition of the system.  These may be elements (Pb, Sn, Fe, C, 
etc.) or compounds (H2O, NaCl, etc.) 
 
The phases in a system denote the homogenous parts of the system that are made up of its 
components. 
 
Phase diagrams are graphs showing the phases present under selected conditions of temperature, 
pressure, and composition when the system is in thermodynamic equilibrium. 
 
A material system may be specified as in the following example: 
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Example: Suppose we have 8 gms of copper and 2 gms of nickel.  This yields a system having 80 
w/o copper and 20 w/o nickel (w/o= weight percent).  This can also be expressed as mole percent 
(m/o) or atomic percent (a/o). 
 

8 gm (Cu): (8 gm)/(63.54 gm/mole) = 0.1259 moles 
2 gm (Ni): (2 gm)/(58.71 gm/mole) = 0.0341 moles 
 

Since the number of atoms in a mole is constant, the atomic percent is: 
 

8 gm (Cu): 0.1259/(0.1259 + 0.0341) = 78.7 m/o = 78.7 a/o 
2 gm (Ni): 0.0341/(0.1259 + 0.0341) = 21.3 m/o = 21.3 a/o 

 
8.4 One-component material systems  

The phases possible in a one component system are limited to liquid, solid, and gas states (Fig 2).  
A phase diagram consists simply of a graph of pressure vs. temperature, with the phase regions 
indicated. 
 
 

 
Fig. 2 Phase diagram for a one-component system (water) 

 
8.5 Two component material systems   

Materials with two components are called binary systems.  They are commonly encountered in 
engineering materials (brass consisting of copper and zinc, carbon steel consisting of iron and 
carbon, etc.)  The phase diagram of a binary material is customarily displayed in a temperature vs. 
composition format, with the pressure held fixed at atmospheric.   
 

In the phase diagrams,  
L denotes liquid 
α, β, γ are various solids 
α+ β or L+ γ indicate states where both are present 
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Two-Components with Complete Solubility: For a system having components completely soluble 
in the solid state, the phase diagram is especially simple, since only one phase exists in the solid 
state. See Figure 3 for the phase diagram of the material. 
 
Two-Components with Partial Solubility (Eutectic): For a binary system having components only 
partially soluble in the solid state, two solid phases will exist, and the phase diagram is much more 
complex than Figure 3.  A special case is an eutectic diagram shown in Figure 4.  “Eutectic” means 
that when the two components are mixed, the melting point is lower than the melting temperatures 
of the two components separately. At point d, the eutectic reaction Liquid, L  α + β occurs.   
 
Two-Components with Partial Solubility (Eutectoid): When the liquid region is replaced by a third 
solid phase γ, we have the eutectoid reaction γ  α + β and associated phase diagram.  Figure 5 
shows such as phase diagram with both a Eutectic and Eutectoid point.
  
Two-Components with Partial Solubility (Peritectic): For a binary system having components only 
partially soluble in the solid state, we may also have a phase diagram having a peritectic point P, 
where the reaction L + β  α occurs (Figure 6)  
 
Two-Components with Partial Solubility (Peritectoid):  If the liquid in the peritectic reaction is 
replaced by a third solid phase, γ, we have a peritectoid reaction α + γ  β. This is illustrated by 
Figure 7. 
 

 
Figure 3: Components with Complete Solubility (Copper-Nickel System) 

Melting temperature depends on percentage of nickel.  There is a solid phase, then a mixture of 
liquid and solid (L  α) and then a complete liquid phase L 
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Figure 4: Two Components with Partial Solubility (Silver Alloy Copper System) 

At the Eutectic point (d) the liquid changes to a solid  L  α + β  
(This is at a lower temperature than when the separate components become solid) 

 
Figure 5: Case 2 - Two Components with Partial Solubility (Iron Carbon System) 

 At Eutectic point, the liquid changes to a solid L  α + β  
At the Eutectiod point γ  α + β  

(This is at a lower temperature than when the change occurs for the individual components) 
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Figure 6: Two Components with Partial Solubility - Peritectic 

At the Peritectic point, the reaction L + β  α occurs 
 

 
 

Figure 7: Two components with Partial Solubility- Peritectoid Reaction -  
peritectoid reaction α + γ  β 
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8.6 Derivation of Lever Rule 
 
Consider a temperature-composition point in a phase diagram where two phases exist, as shown 
in Figure 8 for temperature T1 and composition X2.  The chemical composition of the two phases 
are: 

α - phase: X1 w/o B, 100 - X1 w/o A: 
β - phase: X3 w/o B, 100 - X3 w/o A. 

 
Figure 8: Phase Diagram for Derivation of Lever Rule 

 
This may be seen by imagining that we start with pure A material and add increasing amounts of 
B.  When we reach the composition X1 w/o B, the α phase has become saturated and can accept 
no additional amount of B.  As we add still more B, the second β phase must appear.  The β phase 
will be saturated, and its composition will be X3 w/o B, as read from the right side of the diagram. 
 
Now we would like to determine how much α phase and β phase material will exist at a temperature 
T1, and the composition X2 w/o B.  To arrive at this, we use the lever rule. 

 
Let A1 be the amount of α phase present 

A3 be the amount of β phase present 
A2 be the total amount of material 
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The balance of material requires that 
 

A1 + A3 = A2 
 
And the balance of the B material requires that 
 

X1A1 + X3A3 = X2A2 
 
Combining these two equations yields 
 

A1
A2

 = 
(X3 - X2)

(X3 - X1) 

 
which is the fractional weight of the α phase, and 
 

A3
A2

 = 
(X2 _ X1)

(X3 _ X1) 

which is the fractional weight of the β phase. 
 
 

Example:  A Cu-Ni alloy (Fig 9) contains 73% cu and 27% Ni at 1200C.  Find (1) Weight % Cu 
in solid and liquid phases and (2) % of alloy in solid % liquid phases. 
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Solution: 

Step 1: Draw horizontal tie line at 1200C 

Step 2: Project down for Cu 

Liquid, 𝑊  = 80%Cu 

Solid, 𝑊  = 70%Cu 

Step 3: For 𝑊  = 27% Nickel, project up to tie line 

 

 

𝑋 =
𝑊 − 𝑊

𝑊 − 𝑊
=

30% 𝑁𝑖 − 27%𝑁𝑖

30%𝑁𝑖 − 20%𝑁𝑖
=

3

10
= 0.3 

     Is the fraction of alloy liquid. 

𝑋 =
𝑊 − 𝑊

𝑊 − 𝑊
=

27% 𝑁𝑖 − 20%𝑁𝑖

30%𝑁𝑖 − 20%𝑁𝑖
=

7

10
= 0.7 

     Is fraction of the alloy that is solid  

 𝑋 + 𝑋 = 1 OK! 
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Example: Consider the lead-tin (Pb-Sn) diagram shown in Figure 20.  For an alloy consisting of 
40 w/o Sn determine the composition and amount of the α and β phases present at 100o C.  Also, 
determine the relative amount of material formed from the eutectic reaction.    

 
Figure 20: Lead-Tin Phase Diagram 

 
Solution: At T1 (100o C), the composition of the α phase is 

5 w/o Sn, 95 w/o Pb 
 
The amount of the α phase present is 

(A1/A2) = (99 - 40)/(99 - 5) = 62.8% by weight 
 

The composition of the β phase is 
99 w/o Sn, 1 w/o Pb 

 
The amount of the β phase present is 

(A3/A2) = (40 - 5)/(99 - 5) = 37.2 % by weight 
 
To determine the amount of material that experienced the eutectic reaction, we note that just above 
the eutectic temperature of 183o C, the remaining liquid had the eutectic composition 62 w/o Sn 
and 38 w/o Pb.  The amount of remaining liquid was (40 - 19)/(62 - 19) = 48.8%.  On cooling 
below the eutectic temperature, this liquid experienced the eutectic reaction l  α + β.  The 
amount of eutectic material present at 100o C is 48.8 % (by weight).  The amount of α and β phase 
present in the eutectic material at 100o C is (99 - 62)/(99 - 5) = 39.4 % α, 60.6 % β. 
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Example :  Shown in Figure 21 is the phase diagram for the H2O - NaCl system.  Knowing that 
seawater is 3.5 w/o NaCl, determine: 

(a) the amount of NaCl is 100 lbs of seawater, 
(b) the relative amount of ice and brine at 10o F, and 
(c) the composition of the ice and brine at 10o F. 

 

 
Figure 21: Phase Diagram for Seawater 

 
Solution: (a) the amount of NaCl in 100 lbs of seawater is 

(100)(.035) = 3.5 lbs 
 

(b) the amount of ice and brine at 10o F is 
(16.5 - 3.5)/(16.5) = 78.8% ice 
3.5/16.5 = 21.2% brine 

 
(c) the compositions are 

0% NaCl in ice and 16.5 % NaCl in the brine. 
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8.7 Metal Processing 
 
The manufacturing processes can alter crystal microstructure and thus influence the strength, 
ductility, and impact toughness of a material.  While a variety of finishing processes are suited to 
specific applications, we will focus on casting, hot and cold rolling, extrusion, forging, and 
drawing. 
 
Casting:  
Molten metals can be cast into large ingots in a direct chill casting unit. These large ingots are 
typically rolled into sheets or plates, or else extruded into structural shapes like I-Beams. Metals 
can also be cast into smaller, complex shapes using metal or sand molds. 
 

 
Fig 10 Casting 

 
Hot and Cold Rolling:  
To make large sheets or plates, large ingots are often hot-rolled initially (to allow for a larger 
thickness change). A schematic is shown below.  The hot rolling process continues until the plate 
reaches its desired thickness or until it cools such that rolling becomes impossible. Plates will be 
reheated and rolled until they reach the desired thickness. 
 

 
Fig. 11 Hot Rolling 

 
After hot rolling, plates are usually cold rolled. Cold rolling hardens and strengthens the metal 
by introducing internal stresses (dislocations) in the material microstructure. To re-soften the 
material, remove internal stresses, and improve toughness, the material may be reheated in a 
process called annealing.  
 
The amount of cold working is often expressed as a percentage related to the change in a material’s 
thickness, i.e.: 
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%𝐶𝑊 =  ×  100%   

Where %CW indicates the percent cold work done on a material, tho and thf indicate the initial and 
final thickness of the material, respectively. 
 
Extrusion: 
Extrusion is the forming of a material through plastic deformation by forcing it though a die under 
high pressure. Cylindrical rods and hollow tubes of most metals are fabricated this way. This 
process is often used to form a wide variety of cross sections for aluminum, copper, and their 
alloys. 

 
Fig 12 Extrusion 

 
Forging:  
Forging is the process of a material being pressed or formed into its desired shape, which can be 
irregular (unlike rolling or extruding). The temperature of forging is important for the final 
strength, hardness, and ductility of the material. Typically forged metals are tougher and more 
durable than cast metals. Forging involves hot and cold working by nature, and can act to reduced 
voids in the metal’s microstructure. 
 

 
Fig 13 Forging 

 
Drawing:  
Drawing is a cold working process typically used to make wire, in which a metal rod (such as 
copper) is pulled through a carbide nib. Deep drawing is a form of drawing in which a punch and 
die are used to form cup-shaped objects from sheet metal. Aluminum cans are formed by deep 
drawing.  
 
Drawing is a form of cold work, and the percentage of cold work can be expressed in a 2-D analogy 
to the equation for rolling: 

%𝐶𝑊 =  
, ,

,
×  100%  



EN380 Naval Materials Science and Engineering Course Notes, U.S. Naval Academy 
 

8 - 14 
 

Where Axc,o and Axc,f indicate the initial and final cross-sectional areas of the metal rod, 
respectively. 

 
Fig 15 Drawing 

 
 
8.8 Work Hardening and Annealing 
 
When a material is plastically strained the yield stress is increased.  In many of the manufacturing 
techniques listed earlier, the material is plastically deformed in order to fabricate the desired shape.  
As Figure 16 shows, although this may significantly increase the yield strength of the material, it 
also makes it more brittle.  This change is a result of the dislocation density, or imperfections in 
the lattice, increasing as a result of the deformation.   
 

 
Figure 16: Work Hardening 

 
If we take a work-hardened material and subject it to a sufficiently high temperature for a specified 
time, we can reduce the dislocation density and the yield stress will return to its initial value.  This 
is known as annealing the material, which is a form of heat treatment.  Due to other aspects, such 
as recrystallization, subjecting the work-hardened material to a high temperature for too long a 
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time, may result in a material whose yield stress is less than it was before the material was work-
hardened.    
 
8.9 Precipitation Hardening of Alloys   
 
Consider the phase diagram below in Figure 17. Suppose we have material held at temperature T2 
and then suddenly quench it to room temperature, Tr.  There is insufficient time for the β phase to 
form and we therefore have an unstable α phase existing at room temperature.  Because it is 
thermodynamically unstable, the β phase would eventually form at room temperature, although it 
would take many years.  If we now heat the material to a temperature T1, the β will begin to form. 
 
As the β phase begins to form, it transforms the unstable α phase into a stable α phase forming a 
matrix surrounding numerous extremely small β grains. After some time, the maximum hardness 
is reached and the material can again be quenched to room temperature, thus yielding a 
precipitation hardened  material (Figure 18). 
 
If the material is held at the treatment temperature for too long, the material will begin to soften.  
The most important reason for this is that the numerous small β grains which produced the 
maximum hardness continue to grow.  Some of the β grains grow into larger β, obviously 
decreasing the number of total β grains.  Other factors including the strain-energy present and grain 
boundary depletion are also at work here. 

 
 

 
Figure  17: Phase Diagram of Mg-Sn System 
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Figure 18: Alloy Hardness vs. Precipitation Time at Elevated Temperatures 

 
 
8.10 Iron-Carbon Systems 
 
Alloys of iron and carbon for the system for common steels and cast irons.  Generally, steels have 
a carbon content between 0 and 2 % by weight, while cast irons have a carbon content between 2 
and 5 % by weight.  The iron-carbon phase diagram is shown below in Figure 19. 
 
The phases are defined as follows: 

(a)  Ferrite α phase: BCC crystalline phase 
(b)  Austenite γ:  FCC crystalline phase 
(c)  δ phase: high temperature BCC crystalline phase 
(d)  Cementite or carbide Fe3C: mixture 
(e)  Pearlite:  layered two phase mixture generated by transforming austenite to ferrite and 
carbide by the eutectoid reaction γ  α + Fe3C 
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(f)  Martensite:  a non-equilibrium phase in steels formed by rapid cooling of austenite.  It 
arises because, with extremely rapid cooling, there is insufficient time for the carbon atoms 
to realign themselves from their locations within the FCC structure   of austenite to their 
locations in the BCC structure of ferrite. As a result, the structure is "trapped" between 
FCC and BCC, and actually results in a body centered tetragonal lattice.  Martensite is very 
hard and brittle, and by itself, has very few practical applications.  Its value lies in 
combinations of ferrite and martensite obtainable by various heat treatments. 
(g)  Bainite:  mixture of ferrite and cementite formed by isothermal transformation of 
austenite under selected conditions. 

 

 
Figure 19: Iron-Carbon Diagram 
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Martensite 

 
Coarse Pearlite  Fine Pearlite 

 

 
Upper Bainite  Lower Bainite 

Fig 20 
 
8.11 Eutectoid Point for Iron-Carbon Systems 
 
The eutectic and eutectoid points on the phase diagram are important for heat treatment.  The 
eutectoid point for Iron-Carbon is at a temperature of 727 C and 0.77% carbon by weight. See the 
figure below (fig 21) for an enlarged view of this region of the phase diagram. 
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 Eutectoid steel has exactly 0.77% carbon.  When cooling below the eutectoid temperature 
(727 C) it becomes 100% Pearlite.  The resulting steel is high strength and wear resistant, 
used for things like music wire or railway track. 

 Hyper-Eutectoid has more than 0.77% carbon content.  When cooling below the eutectoid 
temperature, it forms a combination of cementite and pearlite.  This is more brittle. 

 Hypo-Eutectoid has less than 0.77% carbon content.  When cooled below the eutectoid 
temperature, it forms a combination of pearlite and ferrite.  This is more ductile. 

The lever rule, discussed earlier, can be used to determine the proportions. 
 
 

 
Fig 21 
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8.12 Time-Temperature-Transformation (TTT) Diagrams for Iron-Carbon Systems   
 
Suppose we rapidly cool steel of eutectoid composition (0.8 % C) from the austenitic range down 
to some temperature where α and Fe3C are the stable phases.  If we could observe the resulting 
transformation process, we would find that, initially, the material is 100% unstable austenite.  After 
some time, the ferrite and cementite would begin to form (either as pearlite or bainite) and after 
sufficient time, the transformation of the austenite would be complete.  This process is represented 
by the so-called Time-Temperature- Transformation (TTT) diagram shown in Figure 22.  
 
Notice that, if we suddenly cool the austenite to a temperature Ms (martensite start) or less, some 
martensite will form.  The remaining austenite will then transform to bainite.  If we suddenly cool 
the material to temperature Mf (martensite finish), we will have 100% martensite and no further 
transformation will occur. 
 
 
 

 
 

Figure 22: TTT Diagram for Steel 
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8.12 Continuous-Cooling Transformation Diagram for Iron-Carbon Systems 
 
The TTT diagram refers strictly to the cases where the steel is suddenly cooled from the austenite 
(γ) range down to some new temperature.  In most instances, the cooling is not instantaneous, but 
rather occurs at a finite rate.  As an approximation, the TTT diagram may also be used in this case, 
but a more accurate Continuous-Cooling Transformation (CCT) Diagram should be used when 
available.  This diagram is shown in Figure 23 for a eutectoid steel. 

 
Figure 23: Continuous Cooling Transformation for Steel 

 
If we suddenly cool the material at such a rapid rate, that when plotted on the TTT diagram the 
time vs temperature line does not intersect the γ + α + carbide phase (also known as "missing the 
knee" but instead goes straight from the γstable through the γunstable region to a temperature Mf 
(martensite finish), we will have martensite with no additional phase. When the cooling rate is 
such that both the beginning and end curves are reached before reaching the martensitic zone, no 
(or very little) martensite will form. 
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8.13 Heat Treatment of Steel  
 
By varying the amount of martensite present in the material, the mechanical properties of the steel 
can be varied.  Martensite alone is very hard and strong but also is extremely brittle.  A compromise 
between strength and ductility can be reached by varying the amount of martensite present in 
equilibrium with ferrite and carbide.  
 

 
Fig. 24 Heat Treatment of Eutectic Steel 

 
The procedure for forming this mixed material is called "heat treatment."  First, the material is 
rapidly cooled (quenched) so as to form nearly 100% martensite.  At room temperature, this non-
equilibrium phase is, for all practical purposes, stable and will not further transform to ferrite and 
carbide.  If we then take the 100% martensite and heat it to an elevated temperature (say 700o C) 
and hold it there for some length of time (tempering), the martensite can be softened (stress 
relieved) and decompose.  The changes that occur are temperature dependent and range from 
merely a reduction in strain-energy and dislocation density to microstructural changes within the 
martensite itself.  The end result is a material that retains some of the high strength and hardness 
characteristics of pure martensite while restoring some ductility. 
 
As shown in Figure 25, the hardness obtainable with martensite is dependent on the carbon content.  
Since it is the "trapping" of the carbon atoms which forms martensite, and thus hardens the metal, 
pure iron can not be hardened by quenching 
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Figure 25: Hardness 

 
8.14 Specifics of Quenching Process for Iron-Carbon Systems 
 
The rate of cooling affects the resulting grain structure and thus the hardness, ductility, and strength 
of the steel specimen. Quenching is typically achieved in one of the following mediums. From 
fastest to slowest, steel can be quenched in brine (fastest), water (second fastest), air, or molten 
salt (slowest).  We often use Time-Temperature-Transformation curves (TTT Curves), described 
earlier, to predict a steel’s properties after heat treatment.  The following discussion uses figure 
26, below. 
 
The first step in any heat treatment process is to heat the material above 727.⁰C. This step is called 
austenitizing.  
 
The dark blue curved lines on the diagram indicate the start and end of the transformation from 
austenite to pearlite. Each of the lines labeled (a)—(g) indicate idealized cooling curves (remember 
that the rate of cooling affects the transformation rate):  
 

Curve (a) shows a steel sample rapidly quenched in brine or water. The idealized cooling 
curve never approaches the transformation to pearlite, and therefore all austenite (ϒ) is 
converted to Martensite. Martensite is an extremely hard and strong crystal structure with 
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a very low ductility. It is rarely used structurally without tempering. The temperature at 
which austenite will transform to martensite is around 250⁰C  

 
Curve (b) shows a steel that is heated to 727 ⁰C, hot quenched (in molten salt) to ~695 ⁰C, 
and held at that temperature for over 2 hours to form 100% coarse pearlite.  100% coarse 
pearlite is very ductile as hot quenching removes strain-induced stresses, but it is also soft 
and weak. 

 
Curve (c) shows a steel that is heated to 727 ⁰C, hot quenched to 610 ⁰C, and held at that 
temperature for over 3 minutes to form 100% fine pearlite.  100% fine pearlite has a 
uniform structure and higher strength than coarse pearlite. The cutoff between coarse and 
fine pearlite varies but is around 650 ⁰C. 

 
Curve (d) shows a steel that is heated to 727 ⁰C, hot quenched to 580 ⁰C, held for ~5 
seconds then water quenched to form a structure of 50% fine pearlite and 50% 
martensite. 

 
Curve (e) shows a steel that is heated to 727 ⁰C, quenched to ~475⁰C, and held for over 3 
minutes to form upper bainite.  Bainite is an intermediate structure between pearlite and 
martensite. It forms between 250 - 550 ⁰C.  Upper Bainite is distinguished by its coarser 
cementite particles. IT forms between 330 – 550 ⁰C.  

 
Curve (f) shows a steel that is heated to 727 ⁰C, quenched to ~295⁰C, and held for over 2 
hours to form lower bainite. Lower bainite is characterized by its finer cementite 
particles. 

 
Curve (g) shows a steel that is heated to 727 ⁰C, cooled to ~300 ⁰C, and held for 30 minutes 
then rapid quenched (in water) to form 50% lower bainite and 50% martensite.  
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Fig 26: TTT Diagram of Eutectoid Steel 

 
 
8.15 Case Hardening of Steel 
 
Case Hardening is when metal is placed inside a carbon-rich environment.  It is heated to very 
high temperatures to introduce carbon to the outside of the structure.  This results in a hard outer 
surface, but a tough and strong inner surface.  The process involves diffusion, following Fick’s 
Second Law. 
 
Fick’s second law tells us that when case hardening steel, the carbon concentration in air at the 
surface, Cs, the carbon concentration at some distance x into the surface, Cx, and the initial carbon 
concentration of the steel, Co, can be related according to:  
 

𝐶 − 𝐶

𝐶 − 𝐶
= 𝑒𝑟𝑓 (

𝑥

2√𝐷𝑡
) 

where D is the diffusivity constant in m2/s and t is time. 
 
A plot of the error function (erf) is shown in the Figure 27 below. Typically, this is tabulated for 
increasing values of z as shown in the following table. 
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Figure 27: erf(x) vs. x 

 
 

Tabulated values for erf(z) 

 
 
 
 
 


