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Heat Treatment of Metals

Hardening

Hardening is the process of heating a piece of steel to a temperature within or above its critical
range and then cooling it rapidly. If the carbon content of the steel is known, the proper temperature
to which the steel should be heated may be obtained by reference to the iron-iron cabide phase dia-
gram. However, if the composition of the steel is unknown, a little preliminary experimentation may
be necessary to determine the range. A good procedure to follow is to heat-quench a number of small
specimens of the steel at various temperatures and observe the results, either by hardness testing or
by microscopic examination. When the correct temperature is obtained, there will be a marked
change in hardness and other properties.

In any heat-treating operation, the rate of heating is important. Heat flows from the exterior to
the interior of steel at a definite rate. If the steel is heated too fast, the outside becomes hotter than
the interior and uniform structure cannot be obtained. If a piece is irregular in shape, a slow rate is
all the more essential to eliminate warping and cracking. The heavier the section, the longer must be
the heating time to achieve uniform results. Even after the correct temperature has been reached,
the piece should be held at that temperature for a sufficient period of time to permit its thickest sec-
tion to attain a uniform temperature. :

The hardness obtained from a given treatment depends on the quenching rate, the carbon con-
tent, and the work size. In alloy steels the kind and amount of alloying element influence only the
hardenability( the ability of the workpiece to be hardened to depths)of the steel and does not affect
the hardness except in unhardened or partially hardened steels.

Steel with low carbon content will not respond appreciably to hardening treatments. As the car-
bon content in steel increases up to around 0.60% , the possible hardness obtainable &lso increases.
Above this point the hardness can be increased only slightly, because steels above the eutectoid
point are made up entirely of pearlite and cementite in the annealed state. Pearlite responds best to
heat-treating operations; any steel composed mostly of pearlite can be trans\fonned into a hard steel.

As the size of parts to be hardened increases, the surface hardness decreases somewhat even
though all other conditions have remained the same. There is a limit to the rate of heat flow through
steel. No matter how cool the quenching medium may be, if the heat inside a large piece cannot es-
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cape faster than a ceﬁain critical rate, there is a definite limit to the inside hardness. However,
brine or water quenching is capable of rapidly bringing the surface of the quenched part to its own
temperature and maintaining it at or close to this temperature. Under these circumstances there
would always be some finite depth of surface hardening regardless ‘of size. This is not true in oil
quenching, when the surface temperaturé may be high during the critical stages of quenching.

Tempering

Steel that has been hardened by rapid quenching is brittle and not suitable for most uses. By
tempering or drawing, the hardness and ‘brittleness may be reduced to the desired point for service
conditions. As these properties are reduced there is also a decrease in tensile strength and an in-
crease in the ductility and toughness of the steel. The operation consists of reheating quench-hard-
ened steel to some temperature below the critical range followed by any rate of cooling. Although this
process softens steel, it differs considerably from annealing in that the process lends itself to close
control of the physical properties and in most cases does not soften the steel to the extent that an-
nealing would. The final structure obtained from tempering a fully hardened steel is called tempered
martensite.

Tempering is possible because of the instability of the martensite, the principal constituent of
hardened steel. Low-temperature draws, from 300°F to 400°F (150° ~ 205°C), do not cause much
decrease in hardness and are used principally to relieve internal strains. As the tempering tempera-
tures are increased, the breakdown of the ffjartensite takes place at a faster rate, and at about 600°F
(315%C) the change to a structure called tempered martensite is very rapid. The tempering operation
may be described as one of precipitation and agglomeration or coalescence of cementite. A substan-
tial precipitation of cementite begins at 600°F (3155 ), which produces a decrease in hardness. In-
creasing the temperature causes coalescence of the carbides with continued decrease in hardness.

In the process of tempering, some consideration should be given to time as well as to tempera-
ture. Although most of the softening action occurs in the first few minutes after the temperature is
reached, there is some additional reductionin hardness if the temperature is maintained for a pro-
longed time. Usual pmcﬁce is to heat the steel to the desired temperature and hold it there only long
enough to have it uniformly heated.

Two special processes using interrupted quenching are a form of tempering. In both, the hard-
ened steel is quenched in a salt bath held at a selected lower temperature before being allowed to
cool. These processes, known as austempering and martempering, result in products having certain
desirable physical properties.

Annealing
The primary purpose of annealing is to soften hard steel so that it may be machined or cold
worked. ‘This is usually accomplished by heating the steel to slightly above the critical temperature,

holding it there until the temperature of the piece is uniform throughout, and then cooling at a slowly
2.



controlled rate so that the temperature of the surface and that of the center of the piece are approxi-
mately the same. This process is known as full annealing because it wipes out all trace of previous
structure, refines the crystalline structure, and softens the metal. Annealing also relieves internal
stresses previously set up in the metal.

The temperature to which a given steel should be heated in annealing depends on its composi-
tion; for carbon steels it can be obtained readily from the partial iron-iron carbide equilibrium dia-
gram. The heating rate should be consistent with the size and uniformity of sections, so that the en-
tire part is brought up to temperature as uniformly as possible. When the annealing temperature has
been reached, the steel should be held there until it is uniform throughout. This usually takes about
45min for each inch (25mm) of thickness of the largest section. For maximum sofiness and ductility
the cooling rate should be very slow, such as allowing the parts to cool down with the fumace. The

higher the carbon content, the slower this rate must be.

Normalizing and Spheroidizing

The process of normalizing consists of heating the steel about 50°F'to 100°F (10 ~ 40°C) above
the upper critical range and cooling in still air to room temperature. This process is principally used
with low-and medium carbon steels as well as alloy steels to make the grain structure more uniform,
to relieve internal stresses, or to achieve desired results in physical properties. Most commercial
steels are normalized after being rolled or cast.

Spheroidizing is the process of producing a structure in which the cementite is in a spheroidal
distribution. If a steel is heated slowly to a temperature just below the critical range and held there
for a prolonged period of time, this structure will be obtained. The globular structure obtained gives
improved machinability to the steel. This treatment is particularly useful for hypereutectoid steels
that must be machined. ]

Surface Hardening

1. Carburizing

The oldest known method of producing a hard surface on steel is case hardening or carburizing.
Iron at temperatures close to and above its critical temperature has an affinity for carbon. The carbon
is absorbed into the metal to form a solid solution with iron and converts the outer surface into a
high-carbon steel. The carbon is gradually diffused to the interior of the part. The depth of the case
depends on the time and temperature of the treatment. Pack carburizing consists of placing the parts
to be treated in a closed container with some carbonaceous material such as charcoal or coke. It is a
long process and used to produce fairly thick cases of from 0.030 to 0.160in, (0.76 ~ 4.06mm) in
depth. '

Steel for carburizing is usually a low-carbon steel of about 0.15% carbon that would not in it-
self respond appreciably to heat treatment. In the course of the process the outer layer is converted
into a high-carbon steel with a content ranging from 0.9% to 1.2% carbon.



A steel with varying carbon content and, consequently, different critical temperatures requires
a special heat treatment. Because there is some grain growth in the steel during the prolonged car-
burizing treatment, the work should be heated to the critical temperature of the core and then
cooled, thus refining the core structure. The steel should then be reheated to a point above the
transformation range of the case (Ac;) and quenched to produce a hard, fine structure. The lower
heat-treating temperature of the case results from the fact that hypereutectoid steels are normally
austenitized for hardening just above the lower critical point, A third tempering treatment may be
used to reduce strains.

2. Carbonitriding ‘

Carbonitriding, sometimes known as dry cyanidingor nicarbing, is a case-hardening process in
which the steel is held at a temperature above the critical range in a gaseous atmosphere from which
it absorbs carbon and nitrogen. Any carbon-rich gas with ammonia can be used. The wear-resistant
case produced ranges from 0.003 to 0.030in. (0.08 ~ 0.76mm) in thickness. An advantage of car-
bonitriding is that the hardenability of the case is significantly increased when nitrogen is added,

permitting the use of low-cost steels.

3. Cyaniding

Cyaniding, or liquid carbonitriding as it is sometimes called, is also a process that combines
the absorption of carbon and nitrogen to obtain surface hardness in low-carbon steels that do not re-
spond to ordinary heat treatment. The part to be case hardened is immersed in a bath of fused sodi-
um cyanide salts at a temperature slightly above the Ac; range, the duration of soaking depending on
. the depth of the case.:The part is then quenched in water or oil to obtain a hard surface. Case
depths of 0.005 to 0.015in. (0.13 ~0.38mm) may be readily obtained by this process. Cyaniding
is used principally for the treatment of small parts.

4. Nitriding

Nitriding is somewhat similar to ordinary case hardening, but it uses a different material and
treatment to create the hard surface constituents. In this process the metal is heated to a temperature
of around 950°F ( 510°C) and held there for a period of time in contact with ammonia gas. Nitrogen
from the gas is introduced into the steel, forming very hard nitrides that are finely dispersed through
the surface metal

Nitrogen has greater hardening ability with certain elements than with others; hence, special
nitriding alloy steels have been developed. Aluminum in the range of 1% to 1.5% has proved to be
especially suitable in steel, in that it combines with the gas to form a very stable and hard con-
stituent. The temperature of heating ranges from 925°F to 1050°F (495 ~ 565C) .

Liquid nitriding utilizes molten cyanide salts and, as in gas nitriding, the temperature is held
below the transformation range. Liquid nitriding adds more nitrogen and less carbon than either
cyaniding or carburizing in cyanide baths. Case thicknesses of 0.001 to 0. 012 in. (0.03 ~0.
30mm) are obtained, whereas for gas nitriding the case may be as thick as 0.025in. (0.64mm) .

4 .



In general the uses of the two nitriding processes are similar.

Nitriding develops extreme hardness in the surface of steel. This hardness ranges from 900 to
1100 Brinell, which is considerably higher than obtained by ordinary case hardening. Nitriding :
steels, by virtue of their alloying content, are stronger than ordinary steels and respond readily to
heat treatment. It is recommended that these steels be machined and heat-treated before nitriding,
because there is no scale or further work necessary after this process. Fortunately, the interior struc-
ture and properties are not affected appreciably by the nitriding treatment and, because no quench-
ing is necessary, there is little tendency to warp, develop cracks, “or change condition in any way.
The surface effectively resists corrosive action of water, saltwater spray, alkalies, crude oil, and
natural gas.

Words and Expressions

1. hardening n Bk

2. carbide n B GERE &
3. quench v K

4. eutectoid n HEFEE

5. pearlite n B

6. cementite n BRIE=%

7. anneal v BK

8. hardenability n BBV EERE
9. tempering n . Bk

10. brittle a JEH

11. ductility n YBPE

12. toughness n B

13. martensite n . BEE

14. draw n JRX

15. coalescence n . RE

16. austempering n . BERMAE K

17. martempering n . SRR E K

18. normalizing n IEX AR

19. spheroidizing n fEERRILAIE K ALHE
20. hypereutectoid a LTI RBKE
21. carburizing n B

22. charcoal n K

23. carbonitriding n RS

24. cyaniding n 4L

25. nicarbing n RAILS
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26. ammonia - n.
27. nitriding n . BE
28. nitrogen n . &
29. carbonaceous a . BHRE
30. fuse n ARRL, v IEH
31. sodium n .
32. Brinell n AR (BEE)
33. alkali n B
Reading Materials

A Simplified Iron-carbon Diagiam

If we focus only on the materials normally known as steels, a simplified diagram is often used.
Those portions of the iron-carbon diagram near the delta region and those above 2% carbon content
are of little importance to the engineer and are deleted. A simplified diagram, such as the one in
Fig.1.1 focuses on the eutectoid region and is quite useful in understanding the properties and pro-
cessing of steel.

The key transition described in this diagram is the decomposition of single-phase austenite ()
to the two-phase ferrite plus carbide structure as temperature drops. Control of this reaction, which
arises due to the drastically different carbon solubilities of austenite and ferrite, enables a wide range
of properties to be achieved through Heat treatment.

To begin to understand these processes, consider a steel of the eutectoid composition, 0.77%
carbon, being slow cooled along line x-x' in Fig.1.1. At the upper temperatures, only austenite is
present, the 0.77% carbon being dissolved in solid solution with the iron. When the steel cools to
727°C (1341°F), several changes occur simultaneously. The iron wants to ‘change from the fec
austenite structure to the bee ferrite structure, but the ferrite can only contain 0.02% carbon in sol-
id solution. The rejected carbon forms the carbon-rich cementite intermetallic with composition
Fe;C. In essence, the net reaction at the eutectoid is -

austenite —> ferrite + cementite

0.77%C 0.02%C 6.67%C

Since this chemical separation of the carbon component occurs entirely in the solid state, the
resulting structure is a fine mechanical mixture of ferrite and cementite. Speciments prepared by pol-
ishing and etching in a weak solution of nitric acid and alcohol reveal the lamellar structure of alter-
nating plates that forms on slow cooling. This structure is composed of two distinct phases, but has
its own set of characteristic properties and goes by the name pearlite, because of its resemblance to
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mother-of-pearl at low magnification.

Steels having less than the eutectoid amount of carbon (less than 0.77%) are known as hy-
poeutectoid steels. Consider now the transformation of such a material represented by cooling along
line y-y’ in Fig.1.1. At high temperatures, the material is entirely austenite, but upon cooling en-
ters a region where the stable phases are ferrite and austenite. Tie-line and lever-law calculations
show that low-carbon ferrite nucleates and grows, leaving the remaining austenite richer in carbon.
At 727°C(1341°F ), the austenite is of eutectoid composition (0.77% carbon) and further cooling
transforms the remaining austenite to pearlite. The resulting structure is a mixture of primary or
proeutectoid ferrite (ferrite that formed above the eutectoid reaction) and regions of pearlite.

Liquid
+
Austenite
Austenite
1148 - z
Y aFerrite X !
Austenite
912 L y
) M Cementite
2 121 — . {
[
5 o [
2 aFerrite |
~ | | |
§. I Ferrite+Cfmentite |
& I |
. l |
0 l/ l/ n 1 :
y X 2"
0. 020 0.77 1.0 29

Carbon (%)

Fig.1.1 Simplified iron-carbon diagram

Hypereutectoid steels are steels that contain greater than the eutectoid amount of carbon. When
such a steel cools, as in z-z’ of Fig.1.1 the process is similar to the hypoeutectoid case, except that
the primary or proeutectoid phase is now cementite instead of ferrite. As the carbon-rich phase
forms, the remaining austenite decreases in carbon content, reaching the eutectoid composition at
727°C(1341°F). As before, any remaining austenite transforms to pearlite upon slow cooling
throug}. this temperature. 4

It should be remembered that the transitions that have been described by the phase diagrams
are for equilibrium conditions, which can be approximated by slow cooling. With slow heating,
these transitions occur in the reverse manner. However, when alloys are cooled rapidly, entirely dif-
ferent results may be obtained, because sufficient time is not provided for the normal phase reactions
to occur. In such cases, the phase diagram is no longer a useful tool for engineering analysis.



Words and Expressions

1. iron-carbon diagram Bl

2. delta n GRRHE
3. austenite n  BREKHE
4. solubility n IERE
5. lamellar a . BRE

6. proeutectoid | a ST
7 . decomposition ' n . 5ME

8. nitric acid R
9.nucleate v R ES
10. equilibrium n P



The Lathe and Turning

Lathe

The lathe is one of most useful and versatile machines in the workshop, and is capable of car-
Iying out a wide variety of machining operations. The main components of the lathe are the head-
stock and tailstock at opposite ends of a bed, and a tool-post between them which holds the cutting
tool. The tool-post stands on a cross-slide which enables it to move sidewards across the saddle or
carriage as well as along it, depending on the kind of job it is doing. The ordinary center lathe can
accommodate only one tool at a time on the tool-post, but a turret lathe is capable of holding five or
more tools on the revolving turret. The lathe bed must be very solid to prevent the machine from
bending or twisting under stress(see Fig.2.1).

1 2 3

Ciiecs qﬂ\

3|

1 — Headstock; 2 — Tool-post; 3 — Tailstock ;4 — Bed;
5 — Feed-shaft; 6 — Lead-screw; 7 — Carriage
Fig.2.1 Lathe

The headstock incorporates the driving and gear mechanism, and a spindle which holds the
workpiece and causes it to rotate at a speed which depends largely on the diameter of the workpiece.
A bar of large diameter should naturally rotate more slowly than a very thin bar, the cutting speed of
the tool is what matters. Tapered centres in the hollow nose of the spindle and of the tailstock hold
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the work firmly between them. A feed-shaft from the headstock drives the tool-post along the saddle,
either forwards or backwards, at a fixed and uniform speed. This enables the operator to make accu-
rate cuts and to give the work a good finish. Gears between the spindle and the feed-shaft control the
speed of rotation of the shaft, and therefore the forward or backward movement of the tool-post. The
gear which the operator will select depends on the type of metal which he is cutting and the amount
of metal he has to cut off. For a deep or roughing cut the forward movement of the tool should be
less than for a finishing cut.

Centres are not suitable for every job on the lathe. The operator can replace them by various
types of chucks, which hold the work between jaws, or by a front-plate, depending on the shape of
the work and the particular cutting operation. He will use a chuck, for example, to hold a short
piece of work, or work for drilling, boring or screw-cutting. A transverse movement of the tool-post
across the saddle enables the tool to cut across the face of the workpiece and give it a flat surface.
For screw-cutting, the operator engages the leadscrew, a long screwed shaft which runs along in
front of the bed and which rotates with the spindle. The lead-screw drives the tool-post forwards a-
long the carriage at the correct speed, and this ensures that the threads on the screw are of exactly
the right pitch. The operator can select different gear speeds, and this will alter the ratio of spindle
and leadscrew speeds and therefore alter the pitch of the threads. A reversing lever on the headstock
enables it to reverse the movement of the carriage and so bring the tool back to its original position.

Lathe Cutting Tools

The shape and geometry of the lathe tools depend upon the purpose for which they are em-
ployed. Turning tools can be classified into two main groups, namely, extemnal cutting tools and in-
temal cutting tools. Each of these two groups includes the following types of tools.

Turning tools. Turning tools can be either finishing or rough tumning tools. Rough turning
tools have small nose radii and are employed when deep cuts are made. On the other hand, finishing
tools have larger nose radii and are used for obtaining the final required dimensions with good surface
finish by making slight depths of cut. Rough turning tools can be right-hand or left-hand types, de-
pending upon the direction of feed. They can have straight, bent, or offset shanks.

Facing tools. Facing tools are employed in facing operations for machining plane side or end
surfaces. There are tools for machining left-hand-side surfaces and tools for right-hand-side sur-
faces. Those side surfaces are generated through the use of the cross feed, contrary to turning opera-
tions, where the usual longitudinal feed is used.

Cutoff tools. Cutoff tools, which are sometimes called parting tools, serve to separate the
workpiece into parts and/or machine external annual grooves.

Thread-cutting tools. Thread-cutting tools have either triangular, square, or trapezoidal cut-
ting edges, depending upon the cross section of the desired thread. Also, the plane angles of these
tools must always be identical to those of the thread forms. Thread-cutting tools have straight shanks
for external thread cutting and are of the bent-shank type when cutting internal threads.

. 10 .
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