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COURSE OBJECTIVES 
CHAPTER 5 

 
5. PROPERTIES OF NAVAL MATERIALS  
 

1. Define a normal load, shear load, and torsional load on a material. 

2. Define tension and compression. 

3. Understand the concepts of stress and strain. 

4. Calculate stress and strain. 

5. Interpret a Stress-Strain Diagram including the following characteristics:  

  a. Slope and Elastic Modulus 

  b. Elastic Region 

  c. Yield Strength 

  d. Plastic Region 

  e. Strain Hardening 

  f. Tensile Strength 

 6. Be familiar with the following material characteristics: 

  a. Ductility 

  b. Brittleness 

  c. Toughness  

  d. Transition Temperature 

  e. Endurance Limit 

 7. Be familiar with the following methods of non-destructive testing: 

  a. Visual Test 

  b. Dye Penetrant Test 

  c. Magnetic Particle Test 

  d. Ultrasonic Test 

  e. Radiographic Test 

  f. Eddy Current Test 

g. Hydrostatic Test 
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5.1 Classifying Loads on Materials 
 
5.1.1 Normal Loads  
 
One type of load which can be placed on a material is a Normal Load. Under a normal load, the 
material supporting the load is perpendicular to the load, as in Figures 5.1 and 5.2.   
 
Normal loads may be either tensile or compressive. When a material is in tension, it is as if the 
ends are being pulled apart to make the material longer. Pulling on a rope places the rope in 
tension. Compression is the opposite of tension. When a material is in compression, it is as if the 
ends are being pushed in, making the material smaller. Pressing down on a book lying on a table 
places the book in compression. 

 

 
Figure 5.1  Normal Tension 

 
 
 
 

 
Figure 5.2  Normal Compression 

 
 

5.1.2 Shear Loads  
 
A second type of loading is called shear. When a material experiences shear, the material 
supporting the load is parallel to the load. Pulling apart two plates connected by a bolt, as in 
Figure 5.3, places the bolt in shear. 
 
 

   
 

Figure 5.3  Shear 
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5.1.3 Torsion Loads 
 
Another common type of loading is due to torsion.  A component, such as a shaft, will “twist” or 
angularly distort due to an applied moment (M) or torque.  This type of loading is seen on 
helicopter rotor shafts and ship propulsion shafting and may result in large amounts of angular 
deflection.  Figure 5.4 illustrates torsional loading on a shaft. 
 

 
 
 

 
Figure 5.4  Torsion on a circular shaft 

 
 
 
Angular deflection of a shaft is a function of geometry (length and diameter), material 
type, and the amount of moment applied.  Longer, thinner, and more ductile shafts will 
distort the most. 
 

5.1.4 Thermal Loads 
 
When a material is heated it tends to expand and conversely, when it is cooled it contracts.  If the 
material is constrained from expanding or contracting in any direction, then the material will 
experience a normal load in the plane(s) that it is constrained.  This is a special type of normal 
load that depends on the heat transfer characteristics of the material. 
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5.2 Stress and Strain  
 
5.2.1 Stress  
 
Very thick lines or wire ropes are used to moor an aircraft carrier to a pier. The forces on these 
mooring lines are tremendous. Obviously, thin steel piano wires cannot be used for this purpose 
because they would break under the load. The mooring lines and the piano wire may both be 
made of the same material, but because one will support the load and the other will not, the need 
to compare the magnitude of the load to the amount of material supporting the load is illustrated. 
 
The concept of stress performs that comparison. Stress (σ) is the quotient of load (F) and area 
(A) as shown in Equation 5-1. The units of stress are normally pounds per square inch (psi). 
 
       σ  = F      
             A 
 
 where:  σ is the stress (psi) 
   F is the force that is loading the object (lb) 
   A is the cross sectional area of the object (in2) 
 
 
 
Example 5.1 A particular mooring line with a diameter of 1.00 inch is under a load of 25,000 

lbs.  Find the normal stress in the mooring line. 
 
Solution: 
 

Cross Sectional Area (𝐴𝐴) = 𝜋𝜋𝑟𝑟2 = 𝜋𝜋 �
1 𝑖𝑖𝑖𝑖

2
�
2

= 0.785 𝑖𝑖𝑖𝑖2 
 
 

Normal Stress (𝜎𝜎) =
𝐹𝐹
𝐴𝐴

=
25,000 𝑙𝑙𝑙𝑙
0.785 𝑖𝑖𝑖𝑖2

= 31,800 𝑝𝑝𝑝𝑝𝑖𝑖 
 
5.2.2 Strain  
 
If the original and final length of the cable were measured, one would find that the cable is 
longer under the 25,000 pound load than when it was unloaded. A steel cable originally 75 feet 
long would be almost an inch longer under the 25,000 pound load. One inch is then the 
elongation (e) of the cable. Elongation is defined as the difference between loaded and unloaded 
length as shown in Equation 5-2. 

e = L - Lo 
 
 where:  e is the elongation (ft) 
   L is the loaded length of the cable (ft) 
   Lo is the unloaded (original) length of the cable (ft) 
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The elongation also depends upon original length. For instance, if the original cable length were 
only ½(75 ft) = 32.5 ft, then the measured elongation would be only 0.5 inch. If the cable length 
was instead twice 75 feet, or 150 feet, then the elongation would be 2 inches. A way of 
comparing elongation and length would seem useful. 
 
Strain is the concept used to compare the elongation of a material to its original, undeformed 
length. Strain (ε) is the quotient of elongation (e) and original length (L0) as shown in Equation 
5-3. Strain has no units but is often given the units of in/in or ft/ft. 
 

oL
e

=ε  

 
 where:  ε is the strain in the cable (ft/ft) 
   e is the elongation (ft) 
   Lo is the unloaded (original) length of the cable (ft) 
 
Example 5.2 Find the strain in a 75 foot cable experiencing an elongation of one inch. 
 
Solution: 
 

ftftx
ft

inftin
ftL

fteStrain
o

/1011.1
75

)12/1(1
)(

)()( 3−===ε  

 
 One can easily substitute the elongations and original lengths from above and see that the 

numerical value of strain remains the same regardless of the original length of the cable.  
 
 Also, note that a conversion from inches to feet is necessary. 

! 
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5.3 Stress-Strain Diagrams and Material Behavior     
 
Stress and strain are calculated from easily measurable quantities (normal load, diameter, 
elongation, original length) and can be plotted against one another as in Figure 5.5. Such Stress-
Strain diagrams are used to study the behavior of a material from the point it is loaded until it 
breaks. Each material produces a different stress-strain diagram. 

 
Figure 5.5  Stress/Strain Diagram 

 
Point 1 on the diagram represents the original undeformed, unloaded condition of the material. 
As the material is loaded, both stress and strain increase, and the plot proceeds from Point 1 to 
Point 2. If the material is unloaded before Point 2 is reached, then the plot would proceed back 
down the same line to Point 1. 
 
If the material is unloaded anywhere between Points 1 and 2, then it will return to its original 
shape, like a rubber band.  This type of behavior is termed Elastic and the region between Points 
1 and 2 is the Elastic Region. 
 
The Stress-Strain curve also appears linear between Points 1 and 2. In this region stress and 
strain are proportional. The constant of proportionality is called the Elastic Modulus or Young's 
Modulus (E). The relationship between stress and strain in this region is given by Equation 5-4. 

 

εσ
ε
σ EorE ==  

  
where:  σ is the stress (psi) 

   E is the Elastic Modulus (psi) 
   ε is the strain (in/in) 

Necking 

σUTS 

St
re

ss
  σ
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The Elastic Modulus is also the slope of the curve in this region, solved by taking the 
slope between data points (0,0) and (σy, εy). 

 
Point 2 is called the Yield Strength (σy). If it is passed, the material will no longer return to its 
original length. It will have some permanent deformation. This area beyond Point 2 is the Plastic 
Region. Consider, for example, what happens if we continue along the curve from Point 2 to 
Point 3, the stress required to continue deformation increases with increasing strain. If the 
material is unloaded the curve will proceed from Point 3 to Point 4. The slope (Elastic Modulus) 
will be the same as the slope between Points 1 and 2. The difference between Points 1 and 4 
represents the permanent strain of the material.  Once in the plastic region, the material remains 
in the plastic region until failure. 
 
If the material is loaded again, the curve will proceed from Point 4 to Point 3 with the same 
Elastic Modulus (slope). The Elastic Modulus will be unchanged, but the Yield Strength will be 
increased. Permanently straining the material in order to increase the Yield Strength is called 
Strain Hardening. 
 
If the material is strained beyond Point 3, stress decreases as non-uniform deformation and 
necking occur. The sample will eventually reach Point 5 at which it fractures. 
 
The largest value of stress on the diagram is called the Tensile Strength (TS) or Ultimate Tensile 
Strength (UTS). This is the most stress the material can support without breaking. 
 

! 
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Example 5.3 A tensile test specimen having a diameter of 0.505 in and a gauge length of 2.000 
in was tested to fracture-load and deformation data obtained during the test were 
as follows: 

 
Load 
(lb) 

Change in length 
(inch) 

 Load 
(lb) 

Change in length 
(inch) 

0 0.0000  12,600 0.0600 

2,200 0.0008  13,200 0.0800 

4,300 0.0016  13,900 0.1200 

6,400 0.0024  14,300 0.1600 

8,200 0.0032  14,500 0.2000 

8,600 0.0040  14,600 0.2400 

8,800 0.0048  14,500 0.2800 

9,200 0.0064  14,400 0.3200 

9,500 0.0080  14,300 0.3600 

9,600 0.0096  13,800 0.4000 

10,600 0.0200  13,000 0.4125 (Fracture) 

11,800 0.0400    

 
 
 a. Make a table of stress and strain and plot the stress-strain diagram. 

 b. Determine the modulus of elasticity 

 c. Determine the ultimate strength 

 d. Determine the yield strength 

 e. Determine the fracture stress 

 f. Determine the true fracture stress if the final diameter of the specimen at the 
location of the fracture was 0.425 inch. 
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Solution: 
 
 a. Make a table of stress and strain and plot the stress-strain diagram. 
 

(1) (2) (3) (4) 

Load 
 P 

(lb) 

Stress 
σ = P/A 

(psi) 
(2) = (1) / 0.2003 in2  

Elongation 
e 

(in) 

Strain 
ε= e/Lo 
(in/in) 

(4) = (3) / 2 in 

0 0 0.0 0.0 
2200 10984 0.0008 0.0004 
4300 21468 0.0016 0.0008 
6400 31952 0.0024 0.0012 
8200 40939 0.0032 0.0016 
8600 42936 0.0040 0.0020 
8800 43934 0.0048 0.0024 
9200 45931 0.0064 0.0032 
9500 47429 0.0080 0.0040 
9600 47928 0.0096 0.0048 

10600 52921 0.0200 0.0100 
11800 58912 0.0400 0.0200 
12600 62906 0.0600 0.0300 
13200 65901 0.0800 0.0400 
13900 69396 0.1200 0.0600 
14300 71393 0.1600 0.0800 
14500 72391 0.2000 0.1000 
14600 72891 0.2400 0.1200 
14500 72391 0.2800 0.1400 
14400 71892 0.3200 0.1600 
14300 71393 0.3600 0.1800 
13800 68897 0.4000 0.2000 
13000 64903 0.4125 (Fract)  0.2063 
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 b. Determine the modulus of elasticity (See plot) 
 

𝐸𝐸 =
32,000 𝑝𝑝𝑝𝑝𝑖𝑖

0.0012 𝑖𝑖𝑖𝑖/𝑖𝑖𝑖𝑖
= 26.7 × 106 𝑝𝑝𝑝𝑝𝑖𝑖 

 
 

c. Determine the ultimate tensile strength (See plot) 
 

𝑈𝑈𝑈𝑈𝑈𝑈 =
14,600 𝑙𝑙𝑙𝑙

0.2003 𝑖𝑖𝑖𝑖2
= 72,890 𝑝𝑝𝑝𝑝𝑖𝑖 
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d. Determine the yield strength (See plot) 
 

𝜎𝜎𝑌𝑌 = 32,000 𝑝𝑝𝑝𝑝𝑖𝑖 
 
 
 e. Determine the fracture stress (See plot) 
 

𝜎𝜎𝐹𝐹 =
13,000 𝑙𝑙𝑙𝑙

0.2003 𝑖𝑖𝑖𝑖2
= 64,903 𝑝𝑝𝑝𝑝𝑖𝑖 

 
 
 f. Determine the true fracture stress if the final diameter of the specimen at the 

location of the fracture was 0.425 inch. 
 

Cross Sectional Area at Fracture (𝐴𝐴𝐹𝐹) = 𝜋𝜋𝑟𝑟𝐹𝐹2 = 𝜋𝜋 �
0.425 𝑖𝑖𝑖𝑖

2
�
2

= 0.142𝑖𝑖𝑖𝑖2 

 

𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−𝐹𝐹 =
13,000 𝑙𝑙𝑙𝑙
0.142 𝑖𝑖𝑖𝑖2

= 91,638 𝑝𝑝𝑝𝑝𝑖𝑖 
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5.4 Material Properties    
 
There are five material properties that do a good job at describing the characteristics of a 
material. They are strength, hardness, brittleness, toughness, and ductility.  Most terms are used 
to describe materials comparatively to one another, and help to determine the type of material 
desired for a specific application. 
 

 
5.4.1 Strength  
 
Strength is measure of the material’s ability to resist deformation and to maintain its shape.  
Strength can be quantified in terms of yield stress or ultimate tensile strength. Both yield stress 
and ultimate tensile strength can be determined from tensile test data by plotting a stress strain 
curve. 
 
High carbon steels and metal alloys exhibit higher strength characteristics than pure metals.  
Ceramics also exhibit high strength characteristics. 
 
 

High strength steels used in submarine construction, designated HY-80 and HY-100 have 
yield stresses of 80,000 psi and 100,000 psi respectively! 

 
5.4.2 Hardness  
 
Hardness is a measure of the material’s ability to resist indentation, abrasion and wear.  
Hardness is quantified by arbitrary hardness scales such as the Rockwell hardness scale or the 
Brinell hardness scale. These measurements are obtained by a special apparatus that uses an 
indenter that is loaded with standard weights. The indenter can have various shapes such as a 
pyramid or a sphere and is pressed into the specimen. Either the depth of penetration or the 
diameter of the indentation made is measured to quantify material hardness. 
 
Hardness and strength correlate well because both properties are related to inter-molecular 
bonding.  
 
5.4.3 Ductility  
 
Ductility is a measure of the material’s ability to deform before failure. Ductility can be 
quantified by reading the value of strain at the fracture point on the stress strain curve or by 
doing a percent reduction in area calculation. 
 
Low carbon steels, pure aluminum, copper, and brass are examples of ductile materials. 
 
5.4.3 Brittleness  
 
Brittleness is a measure of a material’s inability to deform before failure.  Brittleness is the 
opposite of ductility.  Brittleness is not quantified since it is the inability to deform. However, 
ductility is quantified as discussed above. 
 

! 
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Examples of brittle materials include glass, cast iron, high carbon steels, and many ceramic 
materials.  
 
Figure 5.6 shows the difference between ductile and brittle behavior on a stress-strain diagram.

 
Figure 5.6  Ductile and Brittle Behavior 

 
 
5.4.5 Toughness  
 
Toughness is a measure of a materials ability to absorb energy.  There are two measures of 
toughness.  
 
 
5.4.5.1 Material Toughness can be measured by calculating the area under the stress strain 
curve from a tensile test. The units on this measure of toughness are in-lb/in3. These are units of 
energy per volume. Material Toughness equates to a slow absorption of energy by the material. 
 
 
5.4.5.2 Impact Toughness is measured by doing a Charpy V-notch Test.  For this test, a 
specimen of material is broken by a pendulum as shown in Figure 5.7. 

 
Knowing the initial and final height of the pendulum allows the engineer to calculate the initial 
and final potential energy of the pendulum. The difference in potential energy is the energy it 
takes to break the material or its impact toughness. Impact toughness is a measure of a rapid 
absorption of energy by the material. 
 
The Charpy test for a single material is done with many different specimens where each 
specimen is held at a different temperature. The purpose of the Charpy test is to evaluate the 
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impact toughness of a specimen as a function of temperature.  Figure 5.8 shows a typical Charpy 
plot for a body centered cubic metal. 
 

          
Figure 5.7  Charpy v-notch Impact Test  Figure 5.8  Temperature and Impact Toughness 
 
At low temperatures, where the material is brittle and not strong, little energy is required to 
fracture the material. At high temperatures, where the material is more ductile and stronger, 
greater energy is required to fracture the material. The Transition Temperature is the boundary 
between brittle and ductile behavior. The transition temperature is an extremely important 
parameter in the selection of construction materials. 
 

Impact toughness can also be adversely affected by other factors such as external 
pressure, corrosion and radiation.  It is important to take these factors into account for 
applications such as deep diving submersibles and reactor plant design. 
 

5.4.7 Fatigue  
 
Another important material property is its ability to withstand fatigue. Fatigue is the repeated 
application of stress typically produced by an oscillating load or vibration. Fatigue characteristics 
of a material can be found by repeatedly subjecting the material to a known level of stress. By 
changing the stress level and counting the repetitions of stress application until failure, a plot 
similar to Figure 5.9 can be created. 
 
Figure 5.9 shows a plot of stress against number of cycles required to cause failure. It is clear 
that provided stresses remain below a certain threshold called the endurance limit, fatigue failure 
will not occur. The endurance limit of a material is a very important quantity when designing 
mechanical systems. It will be below the yield stress. As long as the level of stress in a material  
is kept below the endurance limit, fatigue failure will not occur. 
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Figure 5.9  Material Fatigue Characteristics 
(Note: Aluminum has no endurance limit) 

  
Fatigue is the enemy of the pilot and the mechanics that care for his/her plane.  Plane 
fuselages, wings, tails, and engines are constantly inspected to ensure that small cracks 
are found and fixed before they become big and lead to disaster.   
 

5.4.8 Factors Effecting Material Properties  
 
All of the material characteristics discussed so far are affected by temperature to varying 
degrees. In short, increasing temperature increases ductility which makes a material less brittle. 
    
Material properties and performance are affected by a great many factors in addition to 
temperature. Alloying elements, heat treatments (annealing, tempering, quenching, etc), and 
manufacturing methods (cold rolling, hot rolling, forging, etc) also effect material properties, 
particularly yield strength, ultimate strength, and ductility.  
 
5.4.8.1 Alloying 
 
Alloying is the addition of elements to the base metal for the purpose of changing the material 
characteristics.  Alloyed metals are generally more expensive than mild carbon steel or pure 
aluminum but their use is often necessary in order to achieve the desired strength, hardness, 
ductility, fatigue, and corrosion resistance properties in an engineering structure. 
 
The principal alloying elements used in steels are: carbon (increases strength), chromium 
(increases hardness, strength, and corrosion resistance), nickel (increases toughness, hardness, 
and corrosion resistance), manganese (reduces brittleness), molybdenum (increases high-
temperature strength and hardness), and tungsten (increases hardness).  Stainless steels, for 
example, may contain up to 26% chromium to achieve superior corrosion resistance.   Alloying, 
however, is a series of trade-offs and finding the “optimum” material is difficult.  For example, 
increasing the strength of steel by adding carbon comes at the price of increased brittleness, 
lower toughness, and more difficult welding techniques. 
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The major alloying elements used with aluminum are: copper, manganese, silicon, magnesium, 
and zinc.  Most of these alloying elements are used to improve the hardness, ductility, and 
strength of aluminum – aluminum, by its nature, is more corrosion resistant and alloys such as 
“stainless aluminum” are never seen. 
 
5.4.8.2 Thermal Treatment of Metals   
 
Annealing is used to relieve the internal stresses, change the internal grain size, and improve 
manufacturability of steel.  In the annealing process, the steel is heated to slightly higher than its 
upper critical temperature (~723-910°C) and allowed to slowly cool in a furnace (1 to 30 hours).  
This process ultimately improves the hardness, strength, and ductility characteristics of the steel.  
Steel used in ship hulls is partially annealed. 
 
Hardening consists of heating the steel to 100°F higher than its upper critical temperature, 
allowing the metal to change granularly, and then rapidly quenching the steel in water, oil, or 
brine.  This process makes the steel harder.  Horseshoes, armor plate, and chain mail are often 
quenched.  Quenching too rapidly leads to thermal cracking. 
 
Tempering, like annealing, is also used to relieve internal stresses, change the internal grain size, 
and improve manufacturability of steel.  In the tempering process, the steel is heated to below its 
critical temperature and allowed to slowly cool.  This process is often used after hardening to 
make the steel softer and tougher.  Steak knives and razor blades are tempered.  High quality 
swords are often quenched and tempered. 
 
Hot-working is the process of mechanical forming the steel at temperatures above its critical 
temperature.  Plastic strain develops as a result of the mechanical working.  Annealing occurs 
due to the temperature which relieves some of the internal strain.  As a result, the material 
remains ductile.  One type of hot-working is forging, which gives the highest strength steel 
components.  You may be familiar with this type of hot-working if you have ever watched a 
blacksmith work. 
 
Cold-working a steel results in plastic deformations developing in the metal due to mechanical 
forming or working process being conducted at a temperature below the steel’s upper critical 
temperature.  This process does not allow internal stresses to relieve and results in a stronger, 
harder, and more brittle material.  If done too much, the material will become too brittle to be 
useful. 
 
Precipitation Hardening is the most common heat treatment for aluminum.  It consists of a series 
of controlled tempering and quenching, followed by a single rapid quenching and often ending 
with a process called aging, which is simply holding the material for a period of time at a set 
temperature. 
 
5.4.8.3 Corrosion 
 
Corrosion is defined as the deterioration or destruction of a material resulting from a chemical 
attack by its environment.  Corrosion is the enemy to all marine structures and it is important to 
understand why it occurs and how to prevent it.  This short discussion will not attempt to delve 
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into the many mechanisms, causes, and factors affecting corrosion; rather, we will discuss how 
to prevent or at least, slow the effects of corrosion on your ship, tank, or aircraft. 
 
Corrosion control can be accomplished by many means: design, coatings, and cathodic 
protection systems. 

 
• Design:  Design methods to control corrosion include limiting excessive stresses (stress 

corrosion), avoiding dissimilar metal contact (galvanic corrosion), avoiding crevices or 
low flow areas (crevice corrosion), and excluding air whenever possible.  Good design 
also entails selecting the best material for a given application.  The ocean environment is 
extremely deleterious to mild steel, yet these steels are often used in many marine 
structures due to their relatively low cost and high strength.  After a careful economic 
analysis, the service life of most ships is determined by the effects of corrosion on the 
hull structure and the fatigue life on these thinner, degraded components.  The service life 
may be extended by good design and effective use of other corrosion control methods 
explained below. 

 
• Coating:  Coatings range from simple paint to ceramic or glass enamels.  These coatings 

separate the material from the corrosive marine environment.  On a weight and cost basis, 
use of coatings is the most effective protection against corrosion.  Navy ships make 
effective and frequent use of this method as you probably learned on your summer 
cruises!  If done improperly, painting can become tiresome rework.  A ship with a lot of 
paint can gain several LT’s in displacement over its service life. 

 
• Cathodic Protection:  Cathodic protection is accomplished by impressing an electrical 

current on a material to slow or stop the chemical process of corrosion.  Another method 
of cathodic protection protects the structural material by providing another dissimilar 
sacrificial material to preferentially corrode (often referred to as “sacrificial anodes” or 
“zincs”).  Sacrificial anodes and cathodic protection are used in areas where it is not 
practical to constantly paint and re-paint components, such as heat exchangers, ballast 
tanks, bilges, and components fully submerged below the waterline such as the shaft and 
screw. 
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5.5 Non-Destructive Testing  
 
Nondestructive testing (NDT) methods are inspections for material defects. In the Navy, they are 
often performed to insure quality control in acquisition and after installation. The governing 
documents are MIL-STD-271 F and NAVSEA 8000 and 9000 series manuals.  Non-destructive 
testing methods may be grouped into two categories, external and internal inspection techniques.  
Additionally, we will cover two more methods, specifically hydrostatic and weight tests. 
 
5.5.1 External (Surface) Inspection Techniques  
 
The three most commonly used external (surface) inspection techniques currently in use are the 
Visual Test, Dye Penetrant Test, and Magnetic Particle Test. 

 
• Visual Testing (VT) should be done during all phases of maintenance. It can usually be 

performed quickly and easily and at virtually no cost. Sometimes photographs are made 
as a permanent record. Visual inspections only allow the inspector to examine the surface 
of a material. 

 
You will perform VT countless times through your Navy or Marine career.  Whether it is 
your pre-flight checks as an aviator or inspecting your Marines’ rifles, you will be doing 
a VT, (a form of NDT). 

 
• Dye Penetrant Testing (PT) 

uses dyes in order to make 
surface flaws visible to the 
naked eye. It can be used as a 
field inspection for glass, 
metal, castings, forgings, and 
welds. The technique is simple 
and inexpensive and is shown 
schematically at Figure 5.10. 
Only surface defects may be 
detected, and great care must 
be taken to ensure cleanliness. 

 
 
 
 
 
 
 
 
 
 
 
 
       Figure 5.10  Dye Penetrant Testing 

! 
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• Magnetic Particle Testing (MT) is only used on ferromagnetic materials. This method 
involves covering the test area with iron filings and using magnetic fields to align the 
filings with defects. Figure 5.11 shows the deformation of a magnetic field by the 
presence of a defect. Magnetic particle tests may detect surface and shallow subsurface 
flaws, and weld defects. It is simple and inexpensive to perform, however a power source 
is required to apply the magnetic field. 

 
Figure 5.11  Magnetic Particle Testing 

 
 
5.5.2 Internal (Sub-surface) Inspection Techniques  
 
The three most common internal (subsurface) techniques are the Ultrasonic Testing, 
Radiographic Testing, and Eddy Current Testing. 
 
• Radiographic Testing (RT) is accomplished by exposing photographic film to gamma   

or x-ray sources. This type of testing detects a wide variety if internal flaws of thin or thick 
sections and provides a permanent record. These methods of testing require trained 
technicians and present radiation hazards during testing. 
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• Ultrasonic Testing (UT) utilizes a transducer to send sound waves through a material.  It 
may be used on all metals and nonmetallic materials. UT is an excellent technique for 
detecting deep flaws in tubing, rods, brazed and adhesive-joined joints. The equipment is 
portable, sensitive and accurate. Interpretation of the results requires a trained technician. 
Figure 5.12 shows two ultrasonic transducer configurations. 

 

 
 

 
 

Figure 5.12  Ultrasonic Testing 
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• Eddy Current Testing involves the creation of a magnetic field in a specimen and reading 
field variations on an oscilloscope. It is used for the measurement of wall thicknesses and 
the detection of longitudinal seams and cracks in tubing. Test results may be affected by a 
wide variety of external factors. This method can only be used on very conductive 
materials, and is only good for a limited penetration depth. Once very common, it is being 
replaced by the increasing usage of ultrasonic testing. Figure 5.13 demonstrates. 

 
Figure 5.13  Eddy Current Testing 
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Two additional types of NDT common to the U.S. Navy are the hydrostatic and weight tests, 
used frequently in almost every form of mechanical equipment certification. 
 
 

• Another type of test that you are likely to encounter is the Hydrostatic Test.  In this test, 
a section of a system is isolated and pressurized by a pump to (or more commonly above) 
system operating pressure, as required by test specifications.  Following a specified 
waiting period at pressure, the system is then inspected for leaks at joints, pipe welds, 
valve bonnets, etc.  Sometimes, the ability of a valve to hold pressure is tested (seat 
tightness) and the pressure drop over time is noted.  A hydrostatic test is a simple test to 
verify system integrity.  It is typically performed following any maintenance or 
replacement which could impact that system’s integrity. 

 
• An equivalent type of test for gear used to lift large loads or weapons is the Weight or 

Pull Test.  In this test, the gear or fixture is loaded to the same (or typically greater) 
weight than it is expected to endure in operation for a specified duration.  Following 
release of the load, the equipment is inspected using NDT techniques (commonly VT 
and/or PT) for evidence of damage or permanent deformation.  This test is repeated at 
specified periodicities or whenever maintenance or damage occurs which could impact 
the weight handling capacity of the gear.  As an officer, you might need to verify that the 
weight handling gear your men are using has been tested within the required periodicities 
and is being used within the specified capacities for their and your own safety. 
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5.5.3 Non-Destructive Techniques Summary  
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5.6 Other Engineering Materials 
 
In your Navy career you will undoubtedly work with equipment that is not made of steel, 
aluminum or even metal.  These other materials may be used for varying reasons: strength, 
weight, cost, corrosion resistance, manufacturability, etc.  Below you will find a short description 
of some other common engineering materials: glass reinforced plastic (GRP), fiber reinforced 
plastic (FRP), ceramics, and concrete.   
 
Glass Reinforced Plastic (GRP) – Also known as fiberglass, glass reinforced plastic is made by 
using glass fibers to reinforce plastic matrices (such as polyester or epoxy) in order to form 
structural composite and molding materials.  GRP materials have high strength to weight ratios, 
good resistance to heat, cold, moisture and corrosion, are easy to fabricate and are relatively 
inexpensive.  GRP materials are used in applications all around you: boats, cars, insulation, etc.  
The largest one-piece GRP component made is the sonar-dome of a Trident submarine. 
 
Fiber Reinforced Plastic (FRP) – Carbon or aramid polymer fibers are used to reinforce plastic 
matrices to form structural composite and molding materials. FRP materials have high strength 
to weight ratios and large moduli of elasticity (E).  These properties make FRP very attractive in 
aerospace, marine, and some automotive applications.  Kevlar is an example of an aramid FRP 
made by DuPont.  High-end FRP products include the JSF Wings, spars, ship propeller shafts, 
and golf clubs.  FRP materials are generally more expensive than GRP. 
 
Ceramics – Ceramic materials are typically hard and brittle with low toughness and ductility.  
Ceramics have high melting temperatures and are stable in many adverse environments.  
Engineering ceramics typically consist of compounds such as aluminum oxide, silicon carbide, 
and silicon nitride.  These hard, heat resistant materials lend themselves well to applications such 
as engine design (e.g., gas turbine components) and circuit boards.  The “skin” of the Space 
Shuttle is comprised of ceramic tiles. 
 
Concrete – Concrete is the most common engineering material used in structural construction 
due to its low cost, durability, and ease of fabrication.  Its disadvantages include low tensile 
strength and low ductility.   Concrete is comprised of coarse material (aggregate) embedded in 
cement paste (binder). 
 

At this point, you should be able to prove that it is possible to build a barge (that will 
float) entirely out of concrete (ρconcrete=150 lb/ft3). ! 
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PROBLEMS - CHAPTER 5 
  
Section 5.2 Stress & Strain  
 
1. a. What two things does stress compare?  Write the equation for stress using the 

quantities compared. 
  

b. A 2 in diameter circular steel cable is being used to lift a hydrofoil out of the  
water. The vessel has a weight of 200LT, calculate the stress in the cable. 

 
2. a. What two things does strain compare?  Write the equation for strain using the 

quantities compared. 
  

b. A 30 ft long cable is strained to 0.01 in/in when lifting a load. Calculate its  
elongation. 

 
3.  Give two examples of normal and shear loads. 
 
Section 5.3 Stress/Strain Diagrams  
 
4. Sketch a stress-strain diagram and show the following: 

 
a. Elastic Region 
b. Yield Strength 
c. Plastic Region  
d. Strain Hardening 

 
5. Describe with the aid of your sketch in Question 4 how the elastic modulus of a material  

can be calculated from a stress strain diagram. 
 
6. A 60 ft long, 1 in diameter circular steel cable is being stressed to 30,000 psi. The  

material has a σY of 43,000 psi, σUTS of 72,000 psi and E = 29 x 106 psi. 
  
 a. Calculate the magnitude of the force causing the stress. 
 b. Is the cable operating in the plastic or elastic region? Explain your answer. 
 c. Calculate the strain in the cable. 
 d. Calculate the length of the cable while it is being subjected to this stress. 
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7.  Tensile testing was performed on three different materials. Each test sample had a 
diameter of 0.5 inches and a gage length of 2.25 inches. Test data is recorded in the 
following table. 

 
 

Test Data Material #1 Material #2 Material #3 
Load at yield point (lb) 5,880 7,840 7,840 

Elongation at yield (inch) 0.0038 0.0034 0.01 

Maximum load (lb) 8,036 11,760 8,836 

Elongation at maximum load (inch) 0.005 0.25 0.20 

Load at fracture (lb) 7,900 9,200 8,100 

Elongation at fracture (in) 0.0055 0.50 0.35 

 
 
 a.  Using the test data, calculate each material’s yield strength, ultimate tensile 

strength, and elastic modulus. 
 
 b.  On the same set of axes, plot stress-strain diagrams for each material. 
 
 
8. What is Plastic Deformation? 
 
Section 5.4  Material Properties  
 
9. On the same set of axes, draw the stress-strain diagrams for a ductile material and a  

brittle material. Indicate how toughness could be measured from the diagrams. 
 
10. Using the tensile test data in Question 7, which material is the most ductile, most brittle, 

strongest, and toughest. 
 
11. Sketch a typical Charpy V-Notch toughness curve showing the following Transition 

Temperature, Brittle Region and the Ductile Region. How does the toughness measured 
from this test compare with that described in Question 9. 

 
12. State the effect of lowering temperature on the properties of ductility and toughness.  

Draw a stress-strain diagram and Charpy diagram to show the effects you described. 
 
13. What material property is sacrificed by strain hardening a material?  What is gained? Use  

a diagram to illustrate your explanation. 
 
 
14. What is fatigue of a material? What is the Endurance Limit of a material?  Name one  

material which has an Endurance Limit and one which does not. 
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15. Why would it be to the advantage of an engineer to design something using a brittle  

material. Give a military example of the use of a brittle material. 
 
16. Cast iron (and most cast materials in general) is an inherently brittle material, yet it is  

commonly used for engine blocks. What advantage is there to using such a brittle  
material for an application involving high temperatures? 

 
17. A CH-53E helicopter is rated to lift a 25,000 lb suspended load. A steel wire rope  

pendant is used to lift the load. Wire rope has the following properties: E = 14 x 106  
psi, σY = 100,000 psi. To ensure that the pendant does not break, it is desired that the  
pendant be able to carry twice its rated load. Calculate the minimum diameter rope  
required for the lifting pendant. 

 
18. A crane rigged with 1 inch diameter wire rope (E = 12 x 106 psi, σY = 93,000 psi) is to  

lift a 20,000 lb bridge section into place.  
 
 a. Calculate the stress present in the cable. 
 

b. Prior to lifting the bridge section, the cable was 150 ft long. How many inches  
will the cable stretch when lifting the 20,000 lb load? 

 
c. What is the maximum load the cable can carry without causing permanent  

deformation? 
 

d. What is the minimum diameter of cable that can be used without causing  
permanent deformation of the cable? 

 
e. It is desired that the crane lift a load weighing 50,000 lb. What can be done to  

enable the crane to perform the lift? 
 
19.  As a Marine 2LT, you have been tasked to build a support for a 500 gallon fuel tank at a 

forward refueling point (ρfuel = 1.616 lb-s2/ft4). When empty, the tank weighs 200 lbs. To 
enable proper fueling of vehicles, the bottom of the tank must be 7 ft above the ground, 
and must be supported by 4 legs. Calculate the minimum cross-sectional area of each leg 
if the legs are made out of: 

 
a. Mild (1018) steel: E = 30 x 106 psi, σY = 29,000 psi 
b. Aluminum alloy: E = 10.4 x 106 psi, σY = 40,000 psi 
c. HY-80 steel: E = 30 x 106 psi, σY = 80,000 psi 
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20. A long wire, ½ inch in diameter is hanging vertically in air under its own weight. What is  
the greatest possible length the wire may have without yielding if the wire is made of: 

 
 a.  Steel, having a yield stress of 40,000 psi and a weight density of 490 lb/ft3. 
 b.  Aluminum, having a yield stress of 20,000 psi and density of 170 lb/ft3. 
 c.  Copper, with a yield stress of 48,000 psi and density of 556 lb/ft3. 
 
21. A ship’s berthing compartment is flooded 60% full with sea water. The compartment has  

the following dimensions: 
 
  Length = 50 ft 
  Width = 40 ft 
  Height = 12 ft 
  Permeability = 90% 
 

The compartment’s deck is in danger of collapsing. To prevent collapse, you must shore 
the deck. The only shoring material available is wood (E = 1.6 x 106 psi, σY = 4,000 psi). 

 
 a.  Calculate the total cross section area of shoring required to support the deck 

(neglect punch-through). 
 
 b.  If the only shoring available is 4x4 lumber, how many 4x4's will be required to 

support the deck? 
 
22. A circular pipe stanchion has an outside diameter of 6 inches and a wall thickness of ½ 

inch. When supporting a 50 LT load, the stanchion is 6.5 feet high. The stanchion is  
made of aluminum alloy with the following properties: E = 10.4 x 106 psi, σY = 30,000  
psi.  

 
 a.  Calculate the stress in the stanchion. Is this stress tensile or compressive? 
 
 b.  Calculate the length of the stanchion prior to applying the 50 LT load. 
 

c. Calculate the maximum weight the stanchion can support without yielding. 

 
 

0.5 inch thickness

6.5 ft

50 LT
6 inch outside
diamter
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23. A steel column is being used to support a two story building as shown below. The  

column stands 20 ft high and has a cross-section as shown. The roof load at Point A is  
70,000 lb and the weight of the first floor is 95,000 lb and acts at Point B.  
 

 
 

 
a. Neglecting the weight of the column, calculate the stress present at the base of the 

column (Point C). 
 
 b.  Neglecting the weight of the column, calculate the stress in the column at Point B. 
 
 c.  If the column weighs 53 lb/ft, what is the stress at Point C? 
 
Shown below is a fatigue diagram for three different materials. Use this figure for problems 24-
27. 
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24. What is the endurance limit for each material shown in the fatigue diagram? 
 
25. It is desired that the crankshaft for an engine should have an indefinite life. Which  

material would you choose to use? Why? 
 
26. Material “B” has been selected for an application requiring an indefinite life. What is the  

minimum cross-section area required to meet that particular design requirement? 
 
27. Material “C” has been chosen to be used in an aircraft wing. The predicted level of stress  

in the wing is 20,000 psi.  
 
 a.  How many cycles can the wing withstand before failure?  

 
b. This particular aircraft is designed to have a maximum flight time of 3 hours and  

research shows that the wing will flex 100 times per flight. How many flight  
hours will the wing last? 

 
c. Why would material “C” be selected for use in an aviation application? 

 
Section 5.5  Non-Destructive Testing  
 
28. Which NDT's are surface inspections, and which are subsurface inspections? 
 
29. Which NDT inspection can only be used on ferro-magnetic materials? 
 
30. Condenser tubes are made of copper and are very difficult to inspect. They must be tested  

for wall thickness periodically to ensure they will not fail. Which two NDT methods are  
appropriate for determining tube wall thickness? 

 
31. Which NDT inspection should be done throughout all maintenance procedures? 
 
32. Which NDT inspection involves ionizing radiation?  During the conduct of this  

procedure, you will be required to take numerous precautions including the establishment  
of boundaries, and possibly the removal of personnel from adjacent spaces. 

 
33. What is a Hydrostatic Test and when is it used? 
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34. You are assigned to a salvage ship recovering an F-18 located in 160 ft of water. The  

ship’s salvage crane is rigged with 2 inch diameter wire rope (E = 15x106 psi, σY =  
80,000 psi). Prior to crashing, the aircraft had a known weight of 73,000 lb. 

 
a. The tech manual you are using for the salvage operation states that a submerged  

F-18 has a lifting weight of 70,000 lb. Why is the lifting weight less than the  
known weight? 

  
b. Calculate the stress in the wire rope during the submerged porting of the salvage  

operation. 
 

c. How many inches will a 130 ft length of rope stretch with the aircraft attached? 
 

d. Once the aircraft clears the water, the crane must support the entire 73,000 lbs of  
aircraft weight. What is the stress in the cable after the aircraft clears the water? 

 
e. What is the minimum diameter of rope that can be used to lift the aircraft? 

 
f. What NDT should be performed prior to any lifting operation? 
 
g. As the diameter of wire rope increases, the stress in the rope will decrease. What  

are some disadvantages of using larger diameter rope? 
 
The salvage ship has the following dimensions and hydrostatic parameters: 
 
 Lpp = 240 ft   TPI = 21.3 LT/in  LCF = 13 ft aft of amidships 
 B = 51 ft   MT1" = 470 LT-ft/in  LCB = 6 ft aft of amidships 
 T = 13 ft   KMT = 19.2 ft                          D = 40 ft 
 ∆ = 3150 LT   KML = 456 ft 
 KG = 12.5 ft on centerline KB = 7.6 ft 
 

h.  The crane is located 13 ft aft of amidships. How much does the ship’s draft 
change when lifting the aircraft? 

 
 i.  Suspended weights are assumed to act at the head of the crane’s boom. Assuming 

the base of the crane is located on the ship’s centerline and that the boom is 50 ft 
in length and makes an angle of 50° with the deck, what is the vertical and 
transverse location of the ship’s center of gravity while lifting the aircraft?  The 
bottom of the crane is located 40 feet above the keel. 

 
 j.  At what angle is the ship listing? 
 

k. While lifting the aircraft, is the ship more stable, or less stable? Why?   
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