'HARDENING, ™*
TEMPERING& °
HEAT TREATMENT

Y \
L

WORKSHOP PRACTICE SERIES ﬁ







HARDENING, TEMPERING
AND HEAT TREATMENT

for model engineers

Tubal Cain

ARGUS BOOKS




Argus Books

Argus Housa
Boundary Way

Hemel Hempstead
Hertfordshire HP2 75T

Contents

L

Chapter 1 lron & Steel 7

Chapter 2 Principles of the Hardening Process 13

Chapter 3 Heating and Quenching in Practice 27

Chapter 4 Tempering 41

Chapter 5 Heating Equipment 51

Chapter 6 Casehardening 64

Chapter 7 Other Heat Treatment Processes i

Chapter B The Measurement of Hardness 84

Chapter 9 Home Construction of Furnaces 90

Chapter 10 Safety Precautions 102

@ Argus Books Ltd 1584 Appendix 1 Thermocouples and Pyrometers 107
) Appendix 2 Carbon Steel Cutting Tools 113
g:ﬁﬂ:‘:ﬂ;’”%ﬁ;ﬂg;gﬁ;&gm Appendix 3 British Standard Steel Specification Numbers 1156
Appendix 4 Hardness Conversions 117

. All nghts reserved. No pant of this publication may be
reproduced in any form, by print, photography, microfilm
or any other means without written permission from the
publishar.

ISBN O 85242 837 5

Phototypesetting by Performance Typesetting, Milton Keynes

Printed and bound in Great Britain by BPCC Wheatons Lid, Exeter




CHAPTER 1

Iron & Steel

4

if “Know your Enemy” is prudent counsel
for the soldier, then equally so must be
“Know your Materials™ for the engineer —
model or otherwise. Important enough
when the materials are to be cut or
formed, but even more so when we
propose to alter their characteristics. And
there can be few such alterations so
axtreme as when we convert a relatively
soft and ductile material into one which is
hard enough to act as a cutting tool. So, |
make no excuse for this initial exploration
of the nature of iron and stesl. You can
“skip’' the chapter if you wish = it may be
that it tells you nothing new, and could
well seem to be irrelevant if all you want
to do i1s to harden a scriber point! But to
begin at the beginning is always a sound
pelicy, and | hope you will bear with me; it
won't take long!

Pure iron, known as FERRITE to the
metals specialist, is a relatively soft
material, with a tensile strength of about
24 tons/sq.in and guite ductile. It can be
drawn into fine wires and rolled into thin
plates — about the only uses for it in
practice these days. It is chemically very
“active”, combining readily with many
other substances, so that metallic iron is
seldom found in nature despite the fact
that it is the most abundant of earthly
materials. (The Earth’'s core is almost

wholly iron.) The common ores are in the
form of oxides, some, notably Haematite,
almost 90% ferric oxide whilst others may
contain as little as 25%, the remainder
being lime or silica based stone. Other
types of ore contain iron carbonates, and a
very abundant source is lron Pyrites —
basigally iron sulphide and seldom used in
the manufacture of iron directly.

lron is extracted from the ore in a Blast
Furnace — Fig.1. Even in sarly times these
were large structures, but today they are
huge. The "hearth” at the bottom is 45
feet across — and the stack 100 feet or
more in height, with another 100 feet of
“top hamper” above. A medium sized
furnace will contain 50,000 cu. feet of
material and will “make” 9000 tons/
week: Fig 2. The largest furnace in this
country is designed for 10,000 tons per
day, and keeping it fed with raw materials
is a major part of the plant operator's
concern|

These raw materials are iron ore, coke
(the fuel) and limestone to act as a "flux”
so that the stony matter in the ore may be
sufficiently fluid when melted. These
materials, blended and sintered into a
uniform size and compasition, are fed in at
the top. Preheatad air is blown in at the
bottom, through the “tuyeres’, and this air
forms by far the largest mass of material
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Fig. 1

used. Though nominally “free” it has to be
compressed to from 30 to 45 Ib/sq.in. and
heated to around 750°C, using turbo-
compressors of 10,000 HP or more, and
enormous 'stoves’ to achieve the
required temperature.,

Combustion of the coke at the hearth
results in a high temperature and the
production of carbon dioxide. This latter
reacts with the wvery hot coke and is
reduced to carbon monoxide. This, in turn,
reacts with the iron oxide in the ore to
remove the oxygen content. When the
gasas reach the top of the fumace they
will contain about 27% carbon monoxide,
a little hydrogen, and the rest is carbon
dioxide and nitrogen; it is a very useful
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fuel gas. By the time the “"burden” reaches
the lower part of the furnace the flux and
stone will begin to combine to form a slag
which melts and runs down through the
coke. Slightly lower down the iron also
melts. Both slag and iron collect in the
hearth, with the slag floating on top. At
periodic intervals the slag is tapped off
through one hole and the iron from
another, being collected in railway ladlaes,
the former being used for road metal or
cement making and the iron either cast
into “pigs” for the foundry or taken,
molten, to the steelworks.

During the final part of this process the
molten iron is in close contact with very
hot coke and will absorb up to 4% of
carbon. (This may not sound much until |
tell yvou that a chunk of iron of 22 inch
cube will contain as much carbon as a
sack of cokell The important thing to
appreciate at this stage is that the iron
and carbon form a solution, just like the
sugar in your tea. After passing through a
pasty stage whilst cooling the iron
solidifies at about 1130°C. and we now
have a sofid solution of iron (Ferrite) and
carbon, but with some of the carbon now
combining to form an iron carbide.
However, as the metal cools further its
capacity to dissolve carbon diminishes,
and some "“free” carbon appears at the
grain boundaries as graphite. The final
state does depend somewhat on how fast

Fig. 3 Structure of grov cast from, with Takes of graphite

dartwren the grafns of meial,

A GRAPHITE

the metal has cooled, but the "grey” cast
iron which we use will appear under the
microscope as small agglomerations
{gminsl or iron carbide and Ferrite

stals, surrounded by flakes of graphite.
(Fig.3) If the cooling is rapid then more of
the carbon will remain as carbide and the
metal will be whiter and harder. Hence the
accasional “hard spot” at the comer of a
thin casting; the metal has cooled too fast

Iron in this form is very useful: it can be
cast into complex shapes and is very
strong in compression. But it is less strong
in tension and rather brittle; it cannot be"
bent or forged. It is useless for edged tools
and for many machine parts. Very early in
the history of metals means were sought

to render "iron” more ductile. These led to
the manufacture of WROUGHT IRON,
using a process which removed most of
the carbon from the iron made in the
blast-furnace. Pig-iron was melted in a
coal or coke-fired furnace (Fig.4) lined
with material containing a large amount of
iron oxide. A certain amount of oxide was
also charged with the pig-iron. About 4
cwt. was melted at each heat and when
molten was, of course, in intimate contact
with the oxides. The result was that the
carbon in the iron combined with the
oxygen in the oxides to form carbon
dioxide — the reaction was quite violent at
times, with the metal appearing to "boil".
The process was accelerated by the

Fig. 2 Four medium-sired furnaces at the Frodingham warks of the British Steel Corporation, Scunthorpe. These make nearly
JO000 tens of iron per widk botween therr. The fowr hot-blast stoves serving the nearest furnace aro on tha feft. Tha furnaces are
about 220 feet owerall height (Phare, Courtesy Beltish Stes! Corporation),




Fig. 4 Section and plan of & 19th contury puddiing furnace.
The bath “C" would be about &1t long and 41t wide, The coal
fire wepon'd b o the geare an the feft

furnaceman, who “‘rabbled” or stirred the
bath with an iron bar suspended from a
chain.

Now, the meiting point of iron depends
upon its carbon content, with pig melting
at about 1130°C and pure iron at about
1600°C. As the carbon content fell,
therefore, pasty masses appeared in the
melt and these clung to the end of the
puddler's rabble. When this "ball” was as
large as he could handle he extracted it
from the furmace and immediately set it
under the tup of a mechanical hammer.
(Fig.5a) The hammering drove out most of
the slag in the ball and at the same time
formed it into a bar. The process was
repeated until all the iron had been
extracted from the furnace, after which
the furnace walls were fettled with fresh
oxide on the lining and then recharged.
About six heats could be worked in a
normal 12-hour shift.
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The bars from the hammer were cut
inte convenient lengths and bound
together (“faggoted”) with iron wire, and
these bundles were then reheated to
welding temperature and reforged into
billets. This process could be repeated
sevaeral times: each expelled more of the
remaining slag and what was left was in
the form of thin streaks.

The quality known as "Best” was metal
which had been faggoted twice. “Best
Best” was made from faggoted "Best’
bars, and "Treble Best” from faggoted
“Best Best”. "Best” bars would have &
tensile strength along the grain of the slag
of about 23 tons/sq.in, whilst "Treble
Best” might reach 28 ton/sq.in. The
strength across the fibres would be abou!
15% less — the process cannot compietely
gliminate all the slag and this forms &
fibrous structure within the material
Under the microscope the main body of
the metal is almost pure Ferrite, intersper-*
sed with bands of slag, as seen in Fig. 5.

Wrought iron was too soft for use as @
cutting tool, and from the earliest times 2
new material, having a carbon content
midway between wrought iron and cast
irons, was made from best quality
taggoted bars. This was called STEEL, and
any reference to metal of this name
previous to about 1855 must be assumed
to apply to this, and not to the “mild” steel
we know today. The specially selected

Fig. B Structure of wrought fran “along the grain™ showing
the stag Inelusions,

pars (3 in. wide x 4in. thick) were heated
j'ij:r‘_;-hph containing charcoal for periods of
g to 10 days at a temperature of about
1000°C. During this time the iron
psorbed carbon and as the bars were
ralatively thin this absorption penetrated
right through. Means were provided for
withdrawing a test-bar from time to time,
thus giving a crude form of quality control,
(Up to 15 tons at a time could be treated)
The carbon content could be roughly
controlled by the length of the heat, but if
too short the penetration would be
incomplete. Carbon content could never
be below about 0.8%, but could easily be
raised to 1.5% for (e.g.) the making of
razors.

The process was called the
“Cementation Process™ and though it was
qﬁgﬁ!iw the difficulty was that the carbon
content varied from bar to bar and even
along the length of a single bar. To
gvercome this, Benjamin Huntsman in
1744 found means of mefting the bars
after cementation. (It will be appreciated
that to make a crucible which would stand
up to the temperatures needed was very
difficult at that time). Further, he used
only pig-iron smelted using charcoal as a
fuel, thus eliminating the impurities
|phosphorus and sulphur) arising from
coke fuel. After “cementing” the wrought
iron in the usual way he melted broken up
bars — about 50 Ib. at a time — in special
clay crucibles, This took about 5 hours.
The contents of the crucible were then
cast into pre-heated, split, cast-iron
moulds to form bars. Steel made by this
Process was — and is — known as
“Crucible Steel” or “Cast Steel”. By
carefully selecting the intitial cemented
bars — and, as a rule, using pieces from
different bars made in different heats —
very uniform quality could be achieved, far
Superior to the old so-called “blister
steel”, The cast bars could be forged,

welded (with some care) to make larger
pieces, or, for very large objects. several
crucibles cast into one {sand]} mould. The
steel could, of course, be hardened lin the
fashion later to be describad — that's what
this book is about!l] but it was frequently
used simply as a tough. strong matearial,

It may seem odd that we first make a
material high in carbon, then remove most
of it, and finally, add carbon to produce
material of the required analysis, but a
little reflection will show that as each step
also refined the iron, to some extent
removing impurities, and the final step
introduced the carbon in the form it was
needed, the process is not as illogical as it
seems. The Huntsman crucible process
was in use until quite recently, and there
may be a few small plants still operating.
But the “cast steel” (or, 10 be more
definite, high-carbon steel] of today is
made mainly in electric furnaces, and the
carbon added directly into the melt, with
very sophisticated methods of analysis
used to control the final guality.

The MILD STEEL we use today was
originally regarded as a form of wrought
iron made by direct removal of carbon, so
avoiding the troublesome slag inclusions,
and the intial patents of Henry Bessemer
waere for a "new way of making wrought
iron”", This he did by blowing air through a
vessel charged with molten iron, and so
burning out the carbon. Later, the open-
hearth process, introduced by Thomas and
Gilchrist about 1878, effected the
conversion by the reaction between the
molten bath and the furnace lining. Today,
however, almost all mild or low carbon
steel is made by blowing oxygen through
a reaction vessel containing perhaps 300
tons of molten iron, brought direct from
the blast furnace. Alloying elements are
added (including the essential carbon) as
required, but directly into the malten bath,
rather than as in the cemeantation process.
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SPECIAL STEELS - high alloy, stainless,
and so on, are made by melting “mild"
steel in an electric arc furnace and, again,
adding the alloying elements to the bath.
Whereas the first model engineers had but
three ferrous materials available — cast
iron, wrought iron and “'steel” — today the
choice is bewildering, and even cast iron
may be had in dozens of grades and
analyses.

For our present purposes, however, we
are concerned only with those which are
ranked as “carbon tool steels”. In general
a "Mild" steel will contain from 0.05% up
to 0.2% carbon and "Medium” carbon
steel up to perhaps 0.6%. These last can
be toughened by heat treatment, but not
hardened sufficiently for cutting tools.
“Carbon Tool Steel” will contain from
0.75% up to as much as 1.5% carbon.
{(Nowadays almost all steel will contain
alloying elements, manganese especially,
but it is the carbon content which

determines the “nature”.) Above about
1.7% carbon content the metal will be a
“cast iron”. A general distinction may also
be found between “plain” carbon steel
which contains as a rule only carbon and &
little manganese as alloying elements, and
“alloy” carbon steels which will include
nickel, chromium, and other elements
such as vanadium and molybdenum as
well as carbon. But all steels are basically
alloys of carbon and Ferrite ("pure iron™)
and in many cases the presence of other
alloying elements (especially in “plain”
steels) does no more than modify the
effect of the carbon. Evén in the case of
the “high speed” tool steels — alloys of
iron, tungsten, cobalt and carbon — it is
the presence of carbon which provides
many of their properties. It is a salutary
reflection that our enjoyment of mode!
engineering depends entirely on the
material found in the core of your lead
pencil!
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CHAPTER 2

Principles of the Hardening

Process

Hardening high-carbon steel is easy -
people have been doing it for thousands of
iﬁﬂm. Just heat the metal to cherry-red
and quench in cold water and there it is -
hard! However, like the horse (which is
“ .. a noble animal but does not always
do so . . .") this does not always work, and
a little knowledge of what goes on inside
the metal will both make failure less likely,
and also give some idea of what to do
}?,han the occasional awkward job
appears. Those who find that horses never
“do so"’ are always surprised how easy it
seems when someone who knows about
horses takes over! There is, they will say,
nothing difficult about it — you just need to
understand the animal. It is the same with
steel. Nothing difficult unless you are
actually making the stuff, and that part is
done for us. You may have a slight

that really, but we are not concemed with
atomic theory, just with hardening steel.
This arrangement is typical of newly
solidified iron, and there will always be
nine atoms, one at each corner of a cube
and one in the centre, at this temperature.
It is called a "Body-centred cubic” crystal.

such crystals appear here and there in
the melt, and as new ones form they grow
on those already there, the little groups
growing larger until they meet their neigh-
bouring group. Where this meeting occurs
there will be a discontinuity of the growth,
s0 that when all is solid a look through the
microscope will show grey areas with fine
lines round them — Fig.7. (The crystals
themselves are too small to be seen

LUE T LIIP

problem with some of the “new words"; ~f2)
these | will explain as we go along, but o
- ¥ou will also find a list at the end of the N r.
book to which you can refer if need be. A S
CRYSTALS AND GRAINS @& ity :
N
When pure iron starts to solidify the b JII o
. atoms arrange themselves in a precise . J/'/ — Eﬁf
Fig. BA Contsmporary (18231 deawing of wrought 5 geometrical pattern, as shown in Fig.5. | Feithga
fran being “Faggoted” wunder @ waler-powersd |

shown the atoms as little balls for

hamrngr, with Pwe Inferested gppctalors. (Copyright = - i &
0 Clarity — we know that they don't look like

Fig. 6A Body-Centrad cubic crystal of iron, with one stom at
— Trustdes of the Lonsdale Estate)

each corner and ors al the cantre of the [aftice.
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Fig. 7 Struciure of 8 pure metal, The crystals have “grown”
one ueon the other be form o mosalc of “gradng

through an ordinary microscope). These
areas are the “grains”’. As a rule, the
smaller the grains (within reason) the
better, and part of the job of heat treat-
ment is to “refine” the metal to reduce
grain size. Pure iron (Ferrite) tends to form
rather large grains.

1392
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TEMPERATURE —

TIME TAKEN FOR A CHANGE
OF 10° CENTIGRADE.

Fig. B The cooling curve of pure iron, showing the thres

;:#l-ﬂ points” where the rare of temperature change tlows
Wt
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The metal now cools still further, and
when we reach 1392°C an odd thing
happens. The fall in temperature is
arrested for a short while, almost as if
there is a source of heat within the metal.
(Fig.8.) This is, in fact, the case, for there
is a change taking place in the crystal
structure which actually releases heat.
(Metallurgists call this an “arrest point” in
the cooling of the metal). If you had

Fig. 8 A Faca-Contred Cubde erysial, with one atom of sach
corner and ong i the centre of dach face of the Ipttice. (Those
ar thwir back feve boen fe't ot for ciaein.

suitable equipment you would see the
crystals re-arranging themselves, actually
disintegrating and reforming in a new
pattern. It is still “cubic”, but this time
with an atom in each corner and one in
the centre of each face, 14 in all — Fig.9.
This is called a "FACE-centred cubic”
crystal. Again, these crystals form
aggregates which meet at the grain boun-
daries. That such a change is possible may
seem surprising, for though the metal is
pretty hot it /s a solid, and you would have
to hit it fairly smartly with 8 hammer to
change its shape. Things would seem very
different if you were one of the atoms|
Even at workshop temperature there
would be some distance between you and
the next one and at this high temperature
you would find you had plenty of room.
What appears to us as a "solid” is, in fact,

ostly empty space, even within the
ystal; it is the forces which act between
e atoms which give us the sensation of
=Wit\r.
"~ Not only that. The atoms themselves
‘don't stand still. True, they cannot chase
“about as they do in a liquid or a gas, but
\they do vibrate about their mean position.
',ﬂh-fuel'.. it is this vibration which generates
the coloured light we associate with hot
matal). In such circumstances it is not so
_surprising that some of the atoms can drift
‘about a little. They do this all the time at
high temperatures, and at this “critical”
temperature they carry out a complete
rearrangement.
~ As the metal cools further we meet yet
-another "arrest point”, this time at 310°C,
This heralds a change back to the original
Body-centred cubic shape of Fig.B. This is
the “‘bright red” and about the
‘temperature we should normally use for
forging. Cooling down still further there is
found an arrest point again, at 770°C.
Thﬂrﬂ is no change of crystal structure
‘here, but this is the point at which the
‘metal can become magnetic. (It is some-
‘times called the “Curie” point). This
‘ghange in magnetic properties can be a
‘useful indicator of temperature for some
All of these changes occur in reverse
order when the metal is heated, but at the
‘arrest points the metal seems to "hang
back” and not get any hotter for a short
‘while. Again, this can be a useful
temperature indication, It is important,
owever, to observe that we have been
talking of a gradual temperature changs.
'_ gh the atoms are relatively mobile
when hot they “drift” or “diffuse” rather
than “travel”’. The changes all take time to
complete. The presence of other elements
= impurities, or alloying material — can
‘S0metimes make the metamorphosis
slower still, Finally, the actual temperature

at which the arrest points occur is very
slightly different when heating from that
found when cooling.

EFFECT OF CARBON

The presence of carbon has a marked
effect on the behaviour of the metal
When molten, the carbon is dissolved in
the iron, as we saw in the last chapter —it
185 the same for molten steal as for cast
iron. One immediate effect is to lower the
point at which solidification starts and, in
addition, to spread the solidification
process over a temperature range. The
magnitude of this depression and the
range of solidification temperatures
depends on the amount of carbon present
but in the case of {say] a 0.5% carbon
steel the initial solidification point (the
“liguidus”) is lowered to about 1500°C -
about 50°C below that of pure iron — and
the “solidus”, when all is solid, is not
reached until 1430°C. In between these
two temperatures the metal is pasty,
metal crysials and molten metal being
present together. (You will have found the
same thing with some grades of solder).
Now, the carbon and iron are in solution
when liquid, and this state prevails when
solid as well. | have mentioned this in Ch.|
“in passing’ and it does need some
explanation.

If the iron and carbon were a mixture
we should have measurable particles of
the two substances uniformly distributed.
They might, however, separate out, as
when the pigment in paint settles in the
bottom of a tin. No matter how finely
ground. these particles each contain
thousands of millions of atoms. A
“solution” is quite different. Here we have
the individual atoms forming the disper-
sion. The scale is quite different. It is quite
feasible — indeed, quite normal — to find
such an atomic dispersion (“solution”} in a

15
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Fig. 10Crystal of a sofid solution of carbon it iron, the small
carbon atoms fodgedin the empty SO8ces in the faftice.

solid — a well-made
example.

The carbon atoms are found actually
within the Ferrite crystals (they are much
smaller than the Ferrite atoms) as shown
in Fig.10. The number of dissolved atoms
which can be accommodated in this way
does depend on the temperature (as in the
case of any liguid solution) but it also
depends on the type of crystal, too. (This
has an important bearing on the harden-
ing process, as we shall see later). Further,
although they are situated within the
crystal lattice the carbon atoms can drift
or diffuse just as can the atoms of iron,
but this drift can occur at any time. not
just at the arrest temperatures. We shall
sae later that the iron and carbon atoms
can also be present in the form of a
“Compound” — iron carbide — but this
need not concern us at the moment.

To return to our newly solidified metal,
the first effect of the carbon has been 1o
depress the meiting point and to cause 3
pasty stage during solidification. Once
solid, the carbon is found in solid solution.
In addition, however, the presence of
garbon inhibits the first crystal form found
in pure iron. The metal solidifies directly
into the Face-centre cubic form of Fig 9,
but with many of the crystal atoms con-

ice-lolly is an
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taining carbon atoms, as shown in Fig 10.
There is NO arrest point at 1392°C. This
“Solid Soluticn”, with face-centred
crystals, is called "AUSTENITE", after the
metallurgist Sir William Austen, who first
identified it. Grains of crystals are found,
as in the case of pure iron.

Still following our 0.5% carbon steel as
it cools we find an arrest point at about
780°C, where the crystal structure
changes to Body-centred cubic — you will
see that this occurs about 120°C lower
than in the case of pure iron. The
magnetic change, or "Curie Point” takes
place a few degrees lowar.

Thus, the immediate effect of no more
than 0.5% carbon has been, first, to
depress the melting point and 1o introduce
a pasty stage in the solidification, to
sliminate altogether one of the armest
points and its associated crystal
metamorphosis, and to reduce the
temperature at which the others occur.
This may not, at first, seem to be of great
importance, but it is the implications of
these changes which matter, and they
have a profound effect on the heat treat-
ment. You cannot harden pure iron, but
even 0.5% carbon steel can be toughened,
even if not made hard enough to use as a
cutting tool,

Flig. 1 VAustonine ishaded)! surroundmd by graing of Faemie,

IRON-CARBON TRANSFOR-
MATIONS

Let us now follow this 0.5% carbon steel
‘as it cools, but with more attention to
“what is happening to the carbon and the
Ferrite  this time. At solidification the

Aystenite is a8 homogeneous solution of
hoth substances. However, as soon as the
steel passes the arrest point at about
'780°C and cools further, the composition
of the Austenite slowly changes, until at
#gm 735°C it contains 0.83% carbon —
the maximum it can hold at this
temperature. It can only achieve this
enrichment of carbon by ejecting Ferrite
~atoms, and this it does progressively as
the temperature falls. {The steel only con-
tained 0.5% carbon to start with), This

srrite forms grains or bands surrounding

the grains of Austenite, which now form
| only part of the whole. The overall analysis
of the steel will still show 0.5% of carbon,
:'ﬂf;t it is all concentrated in the Austenite

rains. Fig.11,
~ Just below this temperature, at 730°C,
we find another “arrest point”, this time
due to a change in the relationship of the
rbon and Ferrite in the Austenite. Above
36°C the carbon is in solution, but at

1 730°C it actually combines with some of

the iron to form /ron Carbide. This is FE,C,

X ﬁ'}d contains about 6.7% carbon. Itis very

hard indeed and is given the name
"CEMENTITE", because it was first
identified in steel made by the Cementa-
tion process — see page 11.
. This Cementite contains much less
“efrite (iron} than the Austenite from
which it was formed, so that there will be
B¢ Ferrite left over. In the event, the
. ntite (or iron carbide) crystallises
o very thin plates, with similar thin
of Ferrite sandwiched between
them, this assembly of plates forming a
Qﬁl’ﬁh" corresponding with the grain of

Fig. 12 The Austenite of Fig. 1'1 has transfommed to Pearite.
Bt the Fermite remains unchanged. There i gome alterabion in
tha dispoaitien of the graind

Austenite from which it came. Under the
microscope these grains have a very
beautiful sheen, resembling that of
Mother-of-Pearl. For this reason it is
called "PEARLITE". {I| am sorry about all
these names, but there is a3 glossary at the
end of the book if you find them difficult to
remember], The overall composition of
Pearlite is 0.83% carbon still, so that as
the steel contains only 0.5% we should
expect the Pearlite grains to be surroun-
ded by grains of Ferrite, and this is, in fact
the case. Sae Fig 12.

This recombination of Austenite into
Pearlite occurs in alf carbon stesl when
cooled slowly. Naturally, the amount of
Pearlite will depend on the carbon content
initially, but it is always there in greater or
less proportion. Being a combination of
soft and ductile iron (Ferrite) and very hard
Cementite, it is very tough.

THE IRON-CARBON DIAGRAM

If we were to look at steel with a different
carbon content we should find similar
changes taking place, but at different
temperatures. For convenience, engineers
and metallurgists assemble the data on a
chart, called the “lron-Carbon Equilibrium
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\Diagram’, which shows the effects of
carbon and temperature. | have
‘made a simplified version of this in Fig 13;
this deals only with “steel” (the full
diegram includes cast iron as well) and |
have not bothered with the temperatures
up in the melting range. Those sufficiently
jnterested will find the complete diagram
in mast books on the Metallurgy of Steel,
byt there is a very clear one in
‘Encyclopedia Britannica, in the section
headed “lron and Steel”. This can be
looked at in most public libraries.

- | have shown the 0.5% stee! we have
just considered as a wvertical line. The
‘upper arrest point, or critical temperature,
is shown by the line ABE, and the lower
by DBE. You will notice that these
coincide at "B"'; we will have a look at this
‘in @ moment, but before doing so. let us
ook at a typical tool-steel, with a carbon
‘content of (say) 1.2%. | have shown a
wvertical line here also. We start with
Austenite as before, but this time it
\tontains more than the 0.83% which is
the maximum which can be held in
solution at the lower critical temperature.
(This is about 720°C in this case). As the
‘steel cools below the upper critical, which
s at about 800°C, the Austenite finds
itself too rich in carbon this time, whereas
the previous example was rich in Ferrite,
S0, as the temperature falls carbon is
‘progressively rejected, but it is rejected in
the form of fron carbide (Cementite) for,
unlike the case of cast iron, free carbon
‘Gannot exist under these conditions. We
find, therefore, that the grains of Austenite
@re now being surrounded by first, streaks,

-and then grains, of Cementite; there is no

free Ferrite available. By the time the steel
has reached the lower critical temperature

(the line BE) the Austenite has again

Settled down with 0.83% dissolved

Carbon, as before. And. as before, this

transforms to Pearlite as the metal cools

Fig. 14 Grainy of Pearlite surrcunded by borders. of lron
Carbide (Comertite)

through the critical. We now find grains of
Pearlite surrounded by areas ol
Cementite, (Fig. 14) in contrast to the
Pearlite and Ferrite of the lower carbon
steel,

Mow look at steel with 0.83% carban.
You will notice that the two lines repre-
santing the upper and lower critical
temperatures (the “arrest points’) now
coincide. It is, after a fashion, a "Eutectic”
solution, similar to that found in solders
and brazing alloys. Both the crystal trans-
formation and the metamorphosis of the
Austenite oecur at the same time, and the
Austenite changes to Pearlite directly.
This “all Pearlite”’ steel is about the
toughest that can be had with a plain
carbon steel. You will note that as a con-
sequence of this "Eutectoid” at 0.83%
carbon the upper critical temperatures for
the various steels vary considerably, along
the line ABE. This has an important
bearing on the temperatures needed to
effect the annealing of the steel. The
lower critical temperature, DBE, does vary
a little, but in many published versions of
the diagram it is shown as a straight line.
The diffarence is only a few degrees.

| have shown on the diagram a number
of little sketches indicating the grain for-
mation — actual micrographs would be
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Fig. 15 The effect of carbon
content on the mechanical proper-
Figs of annsaied sfeal

TENSILE STRENGTH

Il
1

02

rather confusing and are difficult to
reproduce, However, by examining a
spacimen through the microscope an
experienced metallurgist can easily
recognise the various constituents of
Pearlite, Ferrite, and Cementite, and by
noting the proportions of each can make a
fair estimate of the overall carban content
of the specimen.

To sum up: we would expect to find
very little Pearlite and a lot of Ferrite in a
low carbon (mild) steel, with the propor-
tion of Pearlite increasing as we approach
0.83% carbon. Beyond this the Cementite
would begin to appear, increasing in
propartion as the carbon content rose to
the maximum associated with a 'steel”
(about 1.7% carbon). We would expect
the "toughness” and strength 1o increase
as the Pearlite proportion increased, up to
0.83% carbon. Thereafter the steel could
be expected to get harder, with some loss
of ductility. This is, in fact, the case. Fig
15. But | must emphasise that these con-
siderations all apply only to steel which
has been both heated and cooled
SLOWLY, so that the little atoms have
time to find their right places, and the
chemical changes at the lower critical line
have time to complete. It is typical of a
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“hot rolled bar” which has (or should
havel been normalised when you receive
it from the merchant. Cold drawing (e.q.
“Bright Drawn Mild Steel”) will not alter
the type of structure (Pearlite-Ferrite, or
Pearlite-Cementite) though it may alter
the mechanical strength, and especially
the ductility, because the forming process
has distorted the grains. The structures
found when the steel is cooled too quickly
for the changes 1o occur are quite diffe-
rent. So, let us now have a look at the
effect of other than slow cooling.

EFFECT OF COOLING RATE

Let us again consider our piece of 1.2%
carbon steel at {say) 800%C, which
temperature has been reached either by
slow cooling or slow heating. The
Austenite will have partly transformed,
and there will be Austenite grains sur-
rounded by some Cementite. Within the
Austenite most of the crystals will contain
aone or more carbon atoms — the "solid
solution” condition. Now let us reduce the
temperature very quickly. There will be no
time for the atoms to rearrange them-
selves, no time for crystal transformation,

‘and instead of finding themselves in a
lattice formation which leaves them
plenty of room the carbon atoms are
rapped inside the crystals with inade-
qguate space for them. In addition, the
Austenite is compelled to retain far more
-@rhun that it can normally hold at the
lower temperature. The Austenite crystals
- ";- put under enormous internal stress,
“and this is just the condition which is
‘associated with hardness. In addition, the
Cementite which is present is unable to
@rfmallma normally, but instead is con-
strained into a needle-like structure
~ [known as an “Acicular” formation) which
_is very hard indeed. In fact, it is these
“needles’” which help in the formation of a
- good cutting edge. This new structure —
hl-,r stressed crystals associated with
cicular crystals of Cementite — is given
: 'Iha name MARTENSITE, and is the basis
‘of all hardened carbon steel.
| have already referred to the need to
heat the metal slowly, partly to ensure
~ that the various transformations have time
10 occur, but this is also necessary so that
Wwe can be sure that the metal is hot right
through. It does take time for the heat to
travel through to the interior. A similar
* consideration applies when cooling. When
- cooling rapldlv (“quenching’’) what about
‘the metal in the middle of the wufkpleca?
The outside has cooled fast, it is true, but
it is clear that (with large specimens
| especially) the core may not have kept up
with the cooling of the exterior. What is
the effect on the metal? We can best
answer this question with another
- diagram, Fig. 16. This shows temperature
l| on the vertical scale, and time on the
_ horizontal, Because metallurgists  and
H}ginﬂers need to examine cooling rates
: ich may last hours or days as well as
- tose which take only the odd second or
- 80 the time scale is compressed — it is, in
et “logarithmic”. The diagram shown

relates to no particular steel, but it is
typical of most; every steel specification
has its own “S-curve” like this, It is impor-
tant to realise that, so far as we are con-
cemned, it must be used only to Wustrate
the effects of time/temperature changes.
Detail interpretation of the diagram is a
matter for experts.

Looking at Fig. 16 you will see that
there are two 'S shaped curves. On the
left of the line ABC we have a zone where
the steel is Austenitic (in a state of solid
solution) but it is “unstable” = it has not
yet transformed but is ready to do so. On
the right of the line DEF we have the steel
in its final, totally transformed state. In
this area, if we were talking about the
1.2% carbon steel there would be grains
of Pearlite surrounded by Cementite: if it
were the 0.5% steel we looked at earlier
there would be grains of Pearlite surroun-
ded by Ferrite. In between the two "S"
curves the structure is undergoing the
transformation process and will consist of
a mixture of Cementite (carbides), Pearlite
and Ferrite and, of course, some of the
original Austenite — carbon in solid
solution. The nearer to the line ABC, the
more Austenite, whilst close to the line
DEF more of the other constituents.

At the bottom of the "S"s two horizon-
tal lines are shown dotted. At one, marked
“"Ms"” the hard Martensite starfs to form,
and below the line "Mf" this change is
complete; the metal is all in the hard con-
dition. For “silver steel” Ms lies at about
150°C However, Martensite cannot exist
to the right of the line at "F".

MNow, consider 8 piece of high-carbon
steel at the point "Q". It is at about
780°C. If it cools slowly it will follow the
line QP, taking perhaps 24 hours to cool
down to 15°C. The line passas through
both of the "S" curves, indicating that
total transformation to Pearlite and
Cementite has taken place. The material is
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“annealed” - the steel has had time to go
through all the changes we talked about
sarlier. Now look at the line QR. The metal
has cooled through an identical
temperature range, but this time in no
more than one second. At no point does it
cross the "'S™ curve, so that no transfor-
mation to Pearlite is possible. But it HAS
crossed both the Ms and Mf lines, indicat-
ing that total transformation to Martensite

has taken place. This sample is
“hardened”. These are examples of the
two extremes, slow and fast cooling.

You will see on the diagram a line
“as", which JUST touches the nose of
the left-hand "S" curve. This is the
slowest rate — the “Critical” rate — of
cooling which will achieve a fully
hardened Martensitic condition. (The
location of the point "S” will depend on

Fig. 18 4 “Time-Temperature Transformation Diagram ™ ("&-Curve ™| for a high-carbon steel Nore —this i3 & tymical curve only;

the shape wil vary from steel o stesl,
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the type of steel; it might typically be 2 or
- 3 seconds). The quench shown by the line
AUy, however, does cross the S curve
CABC, 8t "V and "W", in and out again.
‘Between V" and "W" some of the
- Austenite will transform to Pearlite, but as

~ the cooling curve only lies to the right of

the line ABC momentarily the remainder
will carry on down QU to form Martensite.
The final state will, therefore, be mainly
Martensite but with a littie Pearlite as
well. 1t will not be as hard, BUT, the
presence of the Pearlite will make it less

~ brittle and a bit tougher.**

This diagram helps us to understand
‘what can happen in the centre of a piece
of steel during the quench. If it has a small
cross-section, and is cooled along some
line such as "QR", then the centre of the
“section may follow a line between "QR"”
and "QS", and will be fully transformed
‘right through: it will be “through
hardened . If, however, it was a very thick
piece the centre might very well be cooled

~ along "OU" even though the outside

followed "QR''. The centre of the

“specimen would not be as hard as the

outside — though it may well be tougher.
One of the purposes for which some of

~ the alloying elements are added to
-~ modern “carbon’’ steels is the improve-

ment of the “through hardening”
_characteristics; the alloy modifies the "S”
‘curve. A plain, unalloyed carbon steel is

**Note that it is not possible for any but an
expert metallurgist to determine HOW MUCH
Pearlite will be formed.

CIR MG &L

not too good in this respect. But NO thick
section of steel can be hardened right
through, even when alloys are added. For
"Silver Steel”, which contains a little
Chromium to help matters, the limit is
516 inch thick, though the loss of
hardness at the centre of a piece § inch
thick iz very small indeed. This “Limit to
through Hardening'® explains the
difficulties sometimes met with when a
large section carbon steel tool is ground
down at the point to bring it to centre-
height in a small lathe, as in Fig. 17. The
point of the tool is now located in the
centre of the section and will not be as
hard as the original. The loss of hardness
will be quite noticeable if a half-inch tool
is ground down to 5/16 inch point-height.
The cure is to anneal and reharden. See
p.37.

DISTORTION DURING THE
QUENCH

As well as hardness we are frequently
concerned with the shape of the
workpiece, especially when making
gauges or form tools. A little thought will
suggest that there is likely to be a dimen-
sional change with all the transformations
within the metal and that, in addition, the
highly stressed crystals will "deflect’” just
as any stressed member will under load.
Mot only that — the very act of cooling
causes a contraction and in a “"guench”
this contraction is sudden in the extreme.
If the workpiece is not exactly sym-
metrical there is risk of uneven shrinkage.

FULLY QUENCHED ~ 100% MARTENSITE
HARD

OUTLINE

"—-_._‘ i
HE 17 i & large-seciion —
‘cacbon steel tool is ground ]ll'
Wl fo suit # smalier (athe IL
the now cutting adge will nat L

f

beas hord as the arigingl,

[
PARTIALLY QUENCHED~S0OME PEARLITE
SLIGHTLY SOF TER
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The higher the cooling rate the greater the
risk.

In cases where “shape” is important
we must use a slower cooling rate, even
though this may mean that the guench
line for the centre of the work may cross
the nose of the "S” curve momaentarily.
Fortunately this is not so important in
articles not intended for metal-cutting and
in some cases can be an advantage,
expecially for tools subject to shock
loading. The risk of cracking is not great
when dealing with (say) a simple "D"-bit,
but can be acute in the case of a milling-
cutter, with sharp corners at the tooth
roots. In such a case it is prudent to
sacrifice a little hardness in order to be
sure of getting our tool in one piece, and a
slower method of guenching must be
sought.

In industry special methods are used,
not necessarily beyond the capabllities of
the model engineer, but they do need
proper temperature contral. The simplest
method for us is to guench in o/ instead of
water. The risk of cracking and distortion
is considerably reduced yet the loss of
hardness is not great. If, however, distor-
tion is of the first importance, as when
making a gap gauge, then it is wiser to
use the special oil-hardening tool-steel -
“Ground Gauge Stock”. (Though it can
also be obtained in black bar as well). This
matarial is alloyed so that ocil-guenching
always misses the knee of the "S" curve,
and full transformation is obtained. It is
not as hard as a water-hardened straight
carbon steel, but is adequate for the

purpose.
TEMPERING

Just as the "Good Shepherd” tempers the
wind to the shorn lamb, so the prudent
tool-maker tempers his hard steel against
shock loads. A high-carbon tool steel,
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properly heat treated, will have reached
the maximum available hardness, but it
will be wvery brittle. As | have tried to
explain, the crystals are under consider-
able internal strain and any shock loading,
or even rough handling, may cause
fracture. This may apply occasionally even
with oil-quenched steel, In addition, the
grain size may not be as favourable to
clean cutting action as we would like,
especially if the initial temperature (point
"Q" of Fig. 16) was not exactly right. If,
however, we now reheat the steel to a
relatively low temperature these crystals
can be, to some extent, “stress-relieved”
and if the temperature is held for a little
while some degree of grain refinement
may be had as well. For plain cutting
tools, where shock loading I minimal, a
very low tempering temperature will serve
— the wusual recommended is about
230°C, though this did refer to turning
tools one or two incheas square — | shall
have more to say about this later! It is; in
addition, prudent to temper the tool-shank
even more, so that it does not crack under
the clamping forces of the tool-post.
Tempering can serve another purpose,
though. We have seen that the quench
produces Martensite — highly stressed
Austenite crystals interspersed with
needle-like Cementite. For some
purposes, however, we need high strength
and resilience rather than hardness as
such — the classic case being the spring.
There is no reason at all why a spring
should be HARD: the engineer expects
them to have a high yield stress and high
resilience. Industrially it is possible to
achieve this directly but this does need
special equipment. (And, in any case,
commercial springs are seldom made
from straight carbon tool-steel). The only
way open to most of us is to harden right
out (preferably in oil} and then “temper
back” to the desired condition. We reheat

rature the needles of Martensite
2 into little “nodules” and, of
, the crystals are completely stress
The steel will be "hard” relative

B 00
sum up, we can modify the structure
ir hardened steel to suit the purpose
g in mind by a secondary heat
nent at comparatively low
ratures. | shall be covering the
needs for various applications later,
yu should bear in mind that
jaring”’ serves three purposes: to
s relieve the “tight” crystals and so
ce the risk of cracking; to improve the
5ize, so that you can get a keen
| edge; and, in some cases, to trans-

‘chapter, deal with this in more detail,
cially in relation to the special needs
ry turner's tools, which must be
ght up to a very fine polish and sharp

X
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ALLOY STEELS

inty-odd years ago, when the
lard Practices” of model engineer-
3re being established, carbon steel
Just that — an alloy of carbon and
Steel. True, it would contain a few
mpurities, for the days of charcoal-
#8d iron were over (though
pifel was  still using Huntsman
tool-steel made from imported
morra charcoal iron) and typically
% of sulphur and phosphorus was
ormal, Today, however, almost all steels
i other elements as well, We have
¥ seen how drastically the
HaCt ics of pure iron are altered by
‘addition of quite small amounts of
“and the same applies to these

alloying elements. The diagram (Fig.13 an
page 18.) is drawn for “plain” carbon
steel, but each alloy will have a different
characteristic equilibrium diagram, some
very complex indeed.

Almost all carbon tool steels these days
contain about 0.356% of Manganese, its
main purpose being to counteract the
effects of the impurity Sulphur. At this
level the effect on fig.13 and hence on the
heat treatment is negligible. When
present in higher amounts — 1% or more —
the steel needs special treatment. A few
tool-steels (“Silver” Steel is one — it
contains no silver, by the way: the name
refers to its appearancel) include about
0.5% of Chromium, partly to help in
refining the grain size but also to improve
“through hardening”. At this level there is
some slight effect on the shape of the
diagrams, including the “S” curve, but no
special treatment is needed. The-
quenching temperature 15 slightly diffe-
rent, that is all. These steels are
essentially "carbon’ steels with additives
1o improve performance.

As the slloy content rises, however,
and, more especially, when a combination
of alloying elements is used, then the
equivalent diagrams to Figs. 13 and 15
become very complicated indeed.
(Chromium, for example, forms a very
hard carbide on its own). When faced with
a steel containing mare than about 0.6%
of any of these elements (and they can be
Mickel, Chromium, Cobalt, Vanadium,
Tungsten, Molybdenum, Titanium and
others] the answer to the heat treatment
problem is, for the model engineer,
“DON'T"! A nice piece of 3% nickel 0.3%
carbon steel will (if you are sure it is
ENZ21) make excellent connecting rod
bolts, but unless you have the exact heat
treatment data it is best left in the "as
supplied” state. Even more so if you come
across any of the higher alloyed steels —
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and even more so again if it has come
from “"Evans the Scrap”. Heat treatment
of such, without proper data and equip-
ment, is likely to be disappointing if not
catastrophic. (However, | shall, in a later
chapter, deal with the heat treatment of
some of the medium carbon steels, which
can, with care, be treated quite
effectively). Finally, don’t forget that
brazing, and to an even greater extent,
welding, is a form of heat treatment!

SURFACE HARDENING

There are many situations, both in full-size
and model engineering, where a hard-
wearing surface is needed but the compo-
nent also must resist shock loads — or
perhaps repeated reversal of load, almost
as bad. Cross-head and gudgeon pins are
examples. The usual suggestion made by
writers of articles in Model Engineer and
elsewhere is to use Silver Steel, harden,
and then temper back. This is not a very
good solution to the problem. First, the
tempering reduces the hardness of the
wearing surface and, second, tempered
Martensite is not the best material for a
load-bearing component. Horses for
courses! A Bugatti type 37 does not make
the best of town carriages. and you would
be hard put to it to make an "0 gauge
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loco on an 18-inch tool-room lathe, no
matter how accurate it was.

The answer is to use a mild or medium
carbon steel, of specification appropriate
to the loading conditions, and then to
modify the surface layer of the metal sq
that it can be hardened. You wil
remember that the earliest method of
manufacture of high carbon steel involveq
its heating in the presence of carbon. This
took a long time; but if we carry out the
sama process for a short time then the
carbon will penetrate only a shor
distance. For models we only need a thin
layer — perhaps as small as 0.005in. would
serve — and this is what is achieved by
"CASEHARDENING™. There are various
ways in which it can be done, some which
don’t involved anything more than a blow-
lamp and some special compound, but al)
are quite practical for the model engineer
Once this surface layer has been car-
burised the part can be heated and
guenched and, in most cases, does nof
need any tempering. The result is a core
which is strong and tough, and a surface
which is almost glass-hard. Further, the
process is very flexible, and it is possible
to harden selectively, and even to carry
out machining operations on one part of a
component after another part has been
surface hardened. | give more details of
the procedure on page 64.

d leaving detail discussion of the actual
ating devices till later. For the purpose
f this chapter, therefore, | shall assume
that ;wur source of heat is, like the angine
' pur Rolls-Royce, “adequate for its

iun of Tempering to the next
oter, too, as this is really quite a

355ty is to decide what material you
) hardening. If you are not sure about
this — if it is just a "piece of good stuff”
you have picked up from Evans the Scrap
= then my advice is "Don’'t". | have by me
5 | write this the SAE list of steels which
IGHT be found in a scrap motor-car
¥esa days. If typed out on paper 7 inches
wide the list would be several feet long.
Less than one fifth are “plain” carbon
Si8eis — all the rest are more or less highly
d — and even if you knew that your
m was carbon steel it had probably
n heat treated already and would
Wﬁrﬂ proper annealing before reharden-
The chances of finding any steel safe
h’ﬂit treat on a scrap-heap these days
slim. Far better to start with a new
& of stock; after all, if you are going to

heat treat it it must be for some fairly
important purpose.

However, there are cases where metal
of more or less known provenance can be
recycled, and if you are in a tight spot and
cannot get new steel, then the following
table may help in suggesting the probable
carbon content of old toals etc. |
emphasise the word “'old”, for these days
even the humble cold chisel may be made
from a non-tempering nickel alloy.

% Carbon Type of Tools
0.7 Crowbars; Pickaxes; Screwdrivers
0.8 Large Masonry chisels; Quarry

rock-drills; Wood-splitting Wedges
0.9 Cold Chisels; Shear-blades:
Blacksmith's hot setts;
1.0 Smaller Cold Chisels: Qld wood-
working machine cutters:
Handsaws.
Engineer's cutting tools; Drills;
Reamers etc.
1.2-1.3 Files:
1.3-1.4 Razors; Engraver’s tools; Saw-files.
1.4 up Wire-drawing dies; Cold Saws.

1.1-1.2

Many of these could be made from
high-speed steel, but this can easily be
distinguished by using the "Spark Test” —
see the Model Engineer’s Handbook. In
any case, however, the material should
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first be annealed (See page 71.) and a
small test piece then sawn off and test-
hardened with the estimated carben
content as a guide.
Heating We have already seen the need
for slow heating, and | cannot emphasise
this need sufficiently. The guestion is
“"How slow?" If put into a cold muffle
furnace and heated up with the muffie,
this will suffice. With the average muffle,
in fact, the work will heat up slowly
enough if put into the furnace when it is
already a1 the hardening temperature. (In
some books you will find this called the
“Austenising Temperature”’, by the way).
If you are using a molten lead or salt bath
then it is necessary to preheat the work a
little anyway, as | explain later. But with
the ordinary blow-lamp or gas torch some
care IS needed. It is all too easy to
overheat thin parts locally. | find | take
about five or six minutes to bring a small
tool — about § inch x 3 inch long — up to
the arrest point, and it takes a little longer
to climb the remaining 60°C or so. This
gives good results, and can be taken as a
guide. Better to be too slow than too fasl.
Al the arrest point there is a temptation to
turn up the gas, as the metal seems to be
making no progress. This is just the wrong
thing to dol The little atoms are in process
of moving house, and won't welcome
being hurried over the job! Keep heating
at a steady rate and when the metal starts
to colour up further you are very nearly at
the right temperature. Overall, the short
answer is that you must use your judge-
ment, and try to get as much experience
as you can, if you rely on torch or kitchen
fire heating. For the odd D-bit that will be
used once and then scrapped the heating
rate may not be all that critical, but you
MUST pay attention if the tool is an
important one, likely to be used for years.
Once up to temperature you must hold
the heat for some time. Again — "How

28

long'? You have both to make sure tha;
the metal is hot right to the centre, AND
give those atoms time to drift to their ney,
spot. Fortunately in this case the answe:
is quite definite; metallurgists and genera
tions of blacksmiths over a century or
more have established the rule: heat for
ONE HOUR PER INCH OFf
THICKNESS, once the tool is up to the
hardening temperature. This means that ;
#inch thick tool should be heated for
about 20 minutes. Yes, | know! You have
neaver held the heat for as long as this! |
am sorry, but that means that you have
never achieved the maximum possible
hardness, either| Just to persuade you |
have set up specially and hardened four
pieces of carbon steel from the same bar
holding the temperature for one, five, ten
and fifteen minutes, the last being “right’
for the }-inch stock used. The hardness
measured on my "'vintage'w Shore
Scleroscope came out at 74, 76, 78, and
81, respectively. Those who know their
hardness numbers will realise that these
figures are all low — but equally, they will
realise that the "Shore” is not suitable for
such small specimens. A subseguent tes!
on the last speciment showed a hardness
of above 900 Vickers, and this is abou!
right. The reduction in hardness for the
shorter heating times is quite evident -
the "one minute piece” is softer "as
hardened” than the tool should be when
tempered.

It is quite true that our tools are
relatively small compared with those
formerly used in industry — or today, for
that matter. They don’t contain much
metal — but their surface area is small, too
and the RATE of heat transmission
needed to get even a 1-inch tool to ful
temperature at the centre in 15 minutes is
very high. Clearly for the odd scriber-poin!
it isn't all that important, but for cutting
tools it does matter. | shall, |later, be telling

ou about the use of a molten salt-bath

eating. and one of the great advan-
3 of this type of furnace is that the
king time can be reduced; the rate of
t transfer is much better. Setting the
ark in a cold muffle fumace and letting it

Tt :_.up with the furnace is good practice,

o, for the muffle heating rate is about
same as that for the metal. You can
ie the heating time in this way.

 Right Temperature. At first sight it

| ”' t be assumed that we need to take

e metal up to above the upper critical
. narature — the line ABC of Fig 13, —
this is not the case. First (for high
pon tool-steels, that is] we do need
i@ “Free Cementite” when we quench,
C 'IhlS does not appear until the metal

. fallen below the upper critical
_p&r&turm Second, experience shows
3t the gr&nn size is more favourable if the
ul ﬁ.ﬂl is quenched from a lower
lemperature. As a general rule steals
ing 1% carbon content or more are
juenched from below the upper critical
and those below 0.9% from above it. This
5a "general” rule — there may be special
easons for departing from it — and one
gonsequence is that the quench
'r- perature does not vary much over the
thole range of carbon content. Note that
haat treating OTHER than for pure har-
dening this may not apply —see Ch.VII,
Tha fullﬂwlng table is drawn up from a
Wwmber of “authorities” for steels all of
ich contained about 0.35% manganese
!ﬂi'lﬂt today is regarded as a "straight”
on steel. The exception is the “Silver
el”. which contains also about 0.45%
O fum,

-
{

Temperature, °C
ﬂf? —-EI 85 790-800
' ;ﬂgﬁ—ms 770-780
- 1.06-1.25 770-780
Above 1.25 760-770
"Silver Steel” 770-790

These temperatures are for quenching
in water or brine. For gil-quenching the
metal is best heated perhaps 10-20°C
highar, but | do not advise going above
800°C, FILE STEEL, usually 1.25%
carbon with 0.5% chromium, gives
maximum hardness from B00°, but it
must not be heated much above this
figure.

In all cases it is much better to obtain
the correct quenching temperature from
the manufacturers or the stockists if the
best results are to be obtained. You will
not go far wrong with the figures given in
the table, but as is always the case
"Perfection demands more care”. |f the
EN No., or the newer numbers from BS
970/1972 (which, incidentally,
incorporate the carbon content in the
specification number] Is known, then
reference to the British Steal Corporation
may produce the required information.
(Look in the telephone directory, or try
BSC, Swinden House, Rotherham S60
3AR). If the SAE number (Society of
Automotive Engineers of America) is
known, then data is given in their
handbook, which should be available in
the local reference library. This gives
almost ALL steels made to U.S. specifica-
tions, and they don't differ much from BS
970; many have the same number. In the
case of the oil-hardening gauge steels the
proper temperatures are given on the
wrapper.

As a final point of comfort, these
temperatures are nol critical to a few
degrees; most steelmakers give a range, if
only because there is a tolerance on the
actual carbon content. If you are within
10°C you will not be far wrong,
PROVIDED vou hold the steel there for
the proper length of time.

Judging the Temperature. This is what
separates the men from the boys! The old-
timers could estimate almost to a degree
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just by looking at the steel, but they were
hardening carbon steel all day long. if you

have a gas or electric furnace which is

fitted with a pyrometer you are in no
difficulty — provided that you check the
accuracy of the instrument now and
again. (If it has no pyrometer | give some
hints on making one on page 107.) With
gas or fire heating we have to rely on the
colour of the metal. Now, make no
mistake; this is an EXACT measure of the

temperature — in fact, one form of

pyrometer makes use of the colour. The
frequency of vibration of the atomic
structure is a8 direct function of the
absolute temperature, and this frequency
determines the colour of the light which is
amitted. The problem lies in how to
describe the colour. The birds in my
garden probably would not recognise your
cherries as being red at all! And, for that
matter, some readers may have blue
blood in their veins! Only experience can
give you a proper judgement. For what it
is worth, generations of blacksmiths over
a thousand years or so have adopted the
following "names” for the colours as sean
in a relatively dim light. (But NOT, on any
account, under light from a fluorescent
tube, which makes a pig's ear of any
colour judgement).

700°C Dull Red

750°C Blood Red

800+C Cherry Red

825°C Bright Cherry Red

8560°C Red

900°C Bright Red
1000°C Yellow-red

The best thing to do is to find someone
who has a muffle furnace with pyrometer,
or arrange a club visit to the local
Technical College, and have the furnace
brought up to the various temperatures so
that you can see what it really looks like,
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(Have a piece of clean steel set in place -
don't rely on the appearance of the
furnace chamber), There is no substitute
for this type of experience. However, 1o
help you | have taken some colour
photographs of a chunk of steel in my own
muffie, and the printer has done his excel-
lent best to reproduce these on page 33.
As a further guide, | find that the larger
boiling ring (one of the spiral type) on our
Creda 90R electric cooker reached and
stabilised at 780°C after running full on for
15 mins. with no pan over it; and the
firebed of a Courtier Type BR closed stove.
buming "Phurnacite” (the egg-shaped
things) lay between 1000 and 1100°C
after about 15 minutes drawing up the
fire, the firebed being about 7 inches
deep.

There are a few other guides. The lower
critical temperature is an “'arrest point”’ at
which the colour will seem to hang back.
This is an indication that you are within
about 50°C of the reguired temperature.
(In passing, provided you are above this
arrest paint you will get some hardening
effect, but none if you are below it) Very
near to this arrest point — very slightly
below — lies the “"Curie Point” at which
the steel ceases to be magnetic. You can
keep checking with a magnet or, as | do.
use a small compass. Be careful, though:
neither magnets nor compasses like heat,
and there is a risk that the magnet may
pick up a small workpiece and refuse to let
go!

There are some “Temperature Indicat-
ing Crayons' available, of two types. One
changes colour when the temperature
marked on the packet is reached; the
ather is “stroked” over the work and if it
melts within two seconds the temperature
is as indicated; if longer it is too low, and i
shorter, too high. Both are pretty accurate
provided they haven't been in stock for
vears, but they do need a little practice in

eg. Mine are made by the “"Markall
| " — an American firm — but
15 are available from Bayer Chemicals
‘Richmond, Swurrey, or from T.P,
dland & Co. Lid, Rose Kiln Lane,
ding. Berks. For use in muffle furnaces
pyrometers the well-known
pger Cones” (Wengers Ltd, Etruria,
etoke on Trent) can be used. These curl
,Er at the top when the right
temperature is reached, and are used in
tery kilns, where careful temperature
_‘ trol is equally important. They have the
3 .-l dvantage that they can be used only
i ance, so that you need them by the

A sense of proportion must be main-
ed in all this, as in all aspects of heat
tment. If you make the odd form tool
‘punch once or twice a year, then the
art on page 36 showing the heating
urs will meet all your needs, And, for
nimportant
nperature lies between the two critical
_ for Silver Steel,
30°C and 830°C) you will get SOME
‘hardening effect, though not very good at
‘the extremes. If you harden tools fairly fre-
jently then you will very soon develop
colour sense which will enable you to
. by eye: in any case, you have to
2 the colour under your workshop
ions, not thosa of an industrial heat
ent shop. But, if you make all your
¥n tools and gauges, and are hardening
achinery parts as well, then you would
‘be well advised to look out for a second-
‘hand muffle-furnace (or even a new onel)
I look at some of the other arrangements
‘bdetail in a later chapter.

Sealing. This is of little importance in a

dthe tool, as it must be ground in any

provided

betweesn

ile which cannot be formed on the
@rinding wheel, it can be a nuisance, if not
Adifficulty. If using a muffle the scaling

can be reduced by setting a few pieces of
dry charcoal at the mouth of the muffle,
just against the door. This will consume
any oxygen in the muffle — or most of it —
and reduce that available to oxidise the
metal. (Don't use coke or coal).
Alternatively there are some “Anti-scale

Paints” available. These are used by

ceramic enamellers, but are equally effec-

tive in protecting steel. It is painted on the

work and is effective up to around 800°C.

| use it very successfully, but also use a

substitute. This is ordinary whitening

(powdered chalk] mixed with water or
methylated spirit and painted on. Some-

times | bind iron wire over the top, and
clart that up with the paste as well. (The
wire must, of course, be pulled off before
quenching) This is effective also. Both

have the disadvantage that the paint or
chalk tends to 'incandesce’ and sO
prevents proper colour judgement. No
matter in a muffle, but fatal if using a
torch., The answer to this is to have an
identical piece of scrap steel (it need not
be carbon steel] alongside and provided
you ensure that both the workpiece and
the test specimen are equally heated the
latter can be used to judge the colour.
Horologists coat their small parts with soft
soap when heating. This is said to avoid
scaling too, but | must confess | have not
used it myself.

QUENCHING

There are three quenching mediums in
common use; plain water, brine, and oil.
Water is cheap and easy to obtain, and
will serve almost all the model engineer's
needs. Brine gives a somewhat better har-
dening effect and can give more even
cooling — the results are more uniform. Oil
is essential when quenching complex
shapes — the slight loss of hardness is
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accepted as a fair exchange for the
reduced risk of distortion and cracking.

The actual cooling process with the
three guenchants is different — it is not
just 8 case of difference in degree of
queanch. With plain water the initial effect
is the generation of steam all over the
workpiece. This causes an intense and
sudden cooling effect, as the latent heat of
vaporisation of water is wvery high.
However, this results in the workpiece
being blanketed in a steam jacket and
steam is a very poor conductor of heat.
The cooling rate would drop dramatically
if this insulating coating were not
removed. S50, the work must be agitated
in the bath; if this is done, then cooling
proceeds at a fairly rapid and steady rate
until the approach to 100°C. (As we shall
see later, once the temperature has fallen
to about 300°C the rate of cooling is not
important).

In the case of Brine a similar procedure
takes place, but the presence of the salt in
the water seems to retard the formation of
the steam blanket. For some reason the
cooling appears to be more even but it is
faster — about twice as fast as water down
to 300°C or thereabouts. Brine is
invariably used for “water’ quenching
steels in industry, and the figures quoted
for hardness in commercial specifications
all assume that the work was quenched in
10% salt/water brine.

Qil behaves quite differently.
(Assuming a proper ~Cold Quenching Oil”
is used. “"Motor OIl” will have quite
unpredictable results). It is slower in the
initial cooling, because oil has a much
lower latent heat than water. Once the
“vapour blanket” starts to form, however,
the cooling rate (with the same degree of
agitation) is very little different from that
of water. Below 400°C, however. the oil
cools the work very much slower. Using a
test rig, it was found (with still, unagitated
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fluids) that water would take about 31
seconds to reduce the temperature of a
standard probe from 800°C o 420°C,
and oil about 5 seconds — no greal
difference. But whereas the water-cooled
probe only needed a total of 5 seconds to
fall to 200°C, oil took 25 seconds. This
means that both fluids bring the steel
through the lower critical temperature at
about the same rate — oil slight slower
both are rapid enough to prevent the
transformation to Pearlite. However, the
much slower rate of cooling in the lowe;
reaches — below 400°C — with oil means
that the transformation to Martensite
takes place in a much more leisurely
fashion, and this reduces the risk of distor
tion and cracking considerably. The Mar
tensite will form anyway, even if we ai
cooled from (say) 200°C. This test was, of
course, under quite artificial conditions
the metal would not be properly hardened
even with the water — we need cooling
rates of thousands of degrees/minute
through the critical range for that — but it
does give an indication of the different
behaviour of the two fluids. Agitation will
reduce the time taken, but the character
of the cooling curve will be similar,

For model engineers, therefore, we can
say that in general water will serve for our
needs, but brine is preferable when
ultimate hardness is needed. Qil should be
used for milling cutters and for gauges or
hardened jigs — preferably using the
proper oil-hardening steel for the latter, as
it is formulated to avoid distortion. The
brine is made from "Vacuum-dried Salt™
the coarse sort used by farmers for butter:
cheaper than domestic salt, and without
the additives, some of which may not be
desirable for a quench-bath. An 8 to 10%
solution is general — 12-16o0z/gallon or
80-100gm/litre. In use, some of the water
will evaporate and this must be made up.
An old test was that a fresh potato would

725"

Indications of colour/ temperature using & 3 = 4 in, steel plate photagraphed in
the author’s muffle furnace.
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These tempening lemperature colours are very accurate and were produced by Sreve Archibald (Argus artist) from tempered sample discs carefully prepared

by the author,

just float in it, but you can easily make up
simple test hydrometer if you want to be

~ A plastic tube is weighted so that it
floats with the top about  inch above the
surface in plain water. It is then calibrated
by setting it in brine of differing strengths.
If you start with the quench bath at 8%,
and et it down when it tops 10% you will
ibe within the not very important limits,

Decarburisation. Occasionally one finds
a tool that has been propery treated,
gverything as it should be, but somehow it

; :uch" it. However, any attempt to saw it
In two results in a sawblade with no teeth

— the outer skin of the metal has lost some
of its carbon content, and it is not harden-
able steel any more. This is the origin of
the old blacksmith’s rule "forge large and
grind small”. The tool was always forged
Jversize, so that any decarburised surface
would have to be ground off. The problem
is not acute for the model engineer, as he
i5 not heating tools with shanks up to a
gouple of inches square, but it can
happen.
- It is caused by the action of oxygen on
g metal, and this is one reason for
avoiding the wuse of oxy-gas heating
flames. It can also be caused by scale: you
Will recall from Ch.l. that Wrought Iron
Was made by the reaction of iron oxide
With the carbon in the cast iron. The
remedy is, of course, to avoid scaling in
the first place, as suggested above. | have
" wery little trouble with tools around 516
10 3/8 inch square, but the few half-inch
~ones were all made deliberately about
" 1/32 inch oversize al the point to permit
Sufficient grinding down.
- Ovaerheating. This can arise from several
J"EHI.IEHE- The first — sheer forgetfulness,
- When the work is left in the muffle too
- long — we can ignore; the cure is up to

you! Local overheating is almost inevit-
able if oxy-acetylene is used, and | go into
this in more detail later. This type can be
irreparable, with oxide inclusions forming
in the grain boundaries, rendering the
steel useless for anything but as a missile.
The commaonest difficulty, though, is with
workpieces which are either vary thin or
which have a.wvery uneven cross section.
The scriber-point is just such a case: it is
impossible to heat the tapered section
avanly. The remedy here is to form the
taper and the point by grinding after heat
treatment. For other cases — e.g., where
there is a small protrusion on a larger
mass — the remedy is to fit a "heat sink”.
A piece of scrap steel with a hole in it (not
too large a piece: something in proportion
to the main mass of metal) is set over the
delicate part, and the whole heated up as
one. The slender part is protected from the
direct heat of the flame, and will reach the
proper temperature just the same, both by
conduction from the main body and by
radiation from the shield. The protecting
shield must, of course be removed before
guanching. No problem arises, of course,
with furmace heating.

Metal which is overheated will almost
certainly crack on the guench. The best
procedure is to stop work, anneal the
piece, and start again. If, however, the
steel has been brought up badly over
temperature — yellowy-red, for example —
than it will need reforging before it will be
any use again. If it has got hotter than
this, throw it away; it won't be any use —
not as tool steal, anyway.

Whether water, brine, or oil is used,
some debris will collect in the bottom of
the tank. In the case of oil this may
include some sludge, which might
interfere with the quench. In industry
elaborate methods are used to keep the
baths clean, but for us, simpler methods
are suitable. For water, just pour it away
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and use fresh. Brine may be kept longer
{in plastic containers, not metal) and then
flushed down the sink with plenty of
water. It should last a long time anyway.
Qil is more precious and costly, but a
simple strainer can be used 1o remove the
dirt. Keep a lid on the oil-bath when not in
use. | find that even after two years my
own oil-bath seldom needs cleaning, and |
use oil more than most model engineers.

The proper oil should be used if at all
possible. There are various grades, and
gach oil company has its own. | use B.P.
“Quendila A22”, though the “"Quendila
19" is almost as good and cheaper. It is
unfortunate that these oils are no longer
supplied in the old one gallon tins, but a
25 litre (about 5 gallon) drum can be
shared between friends — and a 400 litre
drum could be cheaper still for club
purchase. Failing a special oil, 8 good
“Spindle 0il" of about SAE10 two 20
viscosity will serve. But NOT moter oil,
which is blended for quite different service
and characteristics, and maosr
emphaticalfy NOT “used” motor oil. This
is downright dangerous: it can contain up
to 25% of the heavier fractions of petrol
and can flash off into a furious fire if used
for quenching hot metal.

The size of the quench bath must
accord with the size {and quantity) of the
work passing through at any one time.
Whether water, brine. or oil, the amount
should be 1 gallon per Ib of hat metal (10
litres/'kg) to avoid undue temparature rise.
A half-inch tool 5 inches long weighs
about 0.35lb. For the odd centre punch
and similar small casual jobs | keep a large
“Golden Syrup” tin, as these have good
lids, but for serious work a plastic
“builder's bucket” does very well. (They
can be had with lids]. This will hold up to
two gallons and is very robust — it will
even withstand the occasional accident
with hot metal on the plastic! | have a
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larger tin for oil, which once held emulsion
paint; this has a lid, but | am sorry to find
that present day paint tins have very poor
tops. Mine holds about 4 gallon, which is
quite adequate for all the work | do.

The initial temperature of the bath
should not be too cold. True, you get a
better quench the colder it is (| have an
account of tools quenched in freezing cold
mercury!) but you do have to compromise
against the risk of cracks. Something
between 20°C and 30°C is about right
However, in the summer | just use tap
water which has stood in the workshop
for a while: in winter | draw some from the
hot tap. Oil should be at about 25°C.
These figures are not critical — no need 1o
go round with precision thermometers to
measure them! A useful point to note 15
that brine or water at 70°C will give a
similar effect to that obtained from cold oil
and if you have problems with a
workpiece constantly cracking in the har-
dening and have no oil you could try
heating the water/brine 1o 50°C. A
guench in water at 90°C will not harden
at all, but it can toughen the steel a little.
The cooling in this case Is almost certain
to cross the "S" curve, with some Pearlite
formation.

Quenching Technique. This does require
some attention. Far too many people set
the work in the water and swirl it about
violently. The recommendation seen i
some books that the water in the bucket
be set in rotary motion and the tool taken
down vertically at one side is even more
unfortunate. Look at Fig.18. The water is
passing the work (or the work is passing
through the water — same effect) with the
result that there is a reduction in watar
pressure on the downstream side. This
means that steam will form more readily
on that side and it will be under-
guenched. There is plenty of motion to
displace steam at the front, and perhaps

8, 18 Quenching., i the Now of water past

pek i Fast ancugh fo cause eddies at
#team formation on the downstream
: ﬂh- aggravared

‘Distortion is inevitable: indeed, skilled file-
hardeners use this phenomenon to

ting! The preferred method is a
tively SLOW circular motion of the
k, combined with an equally fairly

@ work travels on a helical path through
‘the quenchant. All sides get equal treat-
“ment. The motion should be just enough
1o remove steam bubbles as they form —
o more. Anything more viclent than that
~ does more harm than good.
~ For a long and slender object — say a
- gven this gentle rotary motion
3y be too much. In which case you must
content with a simple up-and-down
ement; again, fast enough to remove
m bubbles but no more. You must try
for yourself — a little experiment is
@r than several pages of mine. The
Jject is to remove the steam bubbles in

the middle part of the gquench — or the
vapour blanket in the case of oil. With a
very large object you may have to move it
more, but still gently, to avoid hot coclant,
but clearly a large piece needs a larger
quench tank, and you should not try 1o get
away with an inadequate volume of
coolant. In industry, of course, elaborate
systems of propellers., underwater jets,
and so on, are used to get a controlled but
random movement of the coolant, in
which the work can simply be lowered.
Even so, it does need a lot of experiment,
and it is interesting to know that the best
files — even though made by the thousand
- are still hand quenched in brine.

There is just one point about the oil
gquench which may be helpful. | find that a
deepish bath is better than one of the
same volume but "fatter”. This means
that the type of workpiece which needs an
oil quench can be moved more in a
vertical direction than otherwise. In many
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cases | find that no rotary motion is
needed at all.

Stage Quenching The critical part of the
quench is to get the work reduced in
temperature past the knee ofthe "S" curve
(Fig 15, just to remind youl) Once past
this point the cooling can be quite a bit
slower — Martensite will still form. This
being so there would seem to be no
reason why we should not remove the
work from the bath once it has got down
to, say, 300 to 350°C, and cool the rest of
the way in a second bath. This is done in
commercial plants almost universally. It
has several advantages. The primary bath
does not heat up so much — important if
you have a number of pieces to quench. If
using brine, the second bath can be clean
water, which will remove most of the salt,
and there will be less evaporation from
the brine bath itself. There is no need for
agitation in this second bath — the metal
can take its own time. The only care you
must take is to avoid dropping the
workpiece, especially if it is fragile. It will
be pretty brittle at this stage.

Partial Quenching There is no need to
quench the whole of a large workpiece
(nor need to heat the whole of it for that
matter) if only part needs hardening. After
reforging the end of my pickaxe, for
example — an act which will have

annealed it, as the forging temperature is
about 950°C — | first heat up to between
“Blood'" and "Cherry” red and quench jusi
the end & inches. the point is then briskly
rubbed with a broken grindstone, with the
hot part laid on my small anvil to act as a
heat-sink. Then, when the point is clean, |
hold it 1o the light until the colours run up
to temper the point. Thus the point is hard
and tempered, but the main body of the
head is relatively soft. | shall be expanding
on Tempering in the next chapter, but can
say now that this procedure is quite
legitimate, though nowadays one would
be happier (for important toaols] if the
temper heat could be held for longer.

To sum up. We must heat the metal
slowly, both to ensure that it is hot right
through and so that the transformations
needed have sufficient time to take place
We must "spak’ the metal at the harden-
ing temperature, choosing the
temperature appropriate to the material
being used. The "quench” should follow
immediately, and this must be done in a
manner which removes steam bubbles
without causing viclent eddies in the
cooling medium. And the quench tank
must be proportioned to the size and
guantity of the work in hand. If all this is in
order you should get optimum hardness
every time! It only remains to temper i
and this we deal with in the next chapter

CHAPTER 4

Tempering

:.
.’,'

I?H- need for tempering has been
discussed in Ch.ll, and to some extent the
degree of temper also. But whilst the
] Hlnh temperature is fairly easily deter-
T . depending mainly on the carbon
€0 tant of the steel, the tempering
temperature depends almost entirely on
he use to which the tool will be put. It is
not even sufficient to say “Lathe Tools”
for the temper needed (say) for turning
EN1A will be very different from that
5:____ dpropriate to a tool to cut chilled cast
iron. The effect, as we have already seen,
i8 to improve the “toughness’ -
resistance to shock — at the expense of
e of the hardness. A toal not subject
ahmk such as a file, may not be
impered at all, while a spring will be
mpered almost to soft. It follows that
siderable personal judgement must be
d, if only to take account of the work
Wormally done in the shop. One reason for
using carbon steel tools instead of HSS
{apart from the fact that they are harder) is
that it is very easy to temper to suit the
waork.

. The change in toughness and hardness
has already been mentioned, but | show a
ther diagram in Fig 19. | must
wasise that the actual shape of the
28 will vary from steel to steel, with
e, for example, showing a “peak” of

toughness at a relatively low temper. It
must be said, too, that the loss of
hardness may be more apparent than real,
and is difficult to put a number to. Indeed,
the point of a lathe tool may well show a
variation of two points on the Rockwell
scale over the surface. (Hardness testing
numbers and their determination are con-
sidared in Ch.8.)

There is a further point, and one which |
believe is often overlooked, Just as quoted
cutting speeds in Production Engineering
textbooks are geared to industrial, not
model engineering, conditions, so are the
recommended tempering temperatures in
toolmaker's catalogues and metallurgy
textbooks. The temper they suggest for a
carbon steel lathe tool, for example,
assumes that it will be in use for a full
series of shifts over a 44 hour week.
{Actually, probably a 56 hour week at the
time the book was written!) Some of my
form tools have had no more than half-an-
hour’s work in twenty years| So - use your
judgement, bear in mind the discussion in
Ch.ll, and, above all, experiment. The
premier model engineering club, is after
all, the “"Society of Model and Experi-
mental Engineers’ |
Temperatures. Having said all that, | will
try to give some help in the form of
guidelines in the table below. | have run
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Fig. 19 EMect of tempering on the rmechanicsl properties of a brine.quenched 1. 1 5% carbon sieeel.

into quite a difficulty over this, as different
authorities, different steelmakers, and
differeant users quote varying tempers for
the same tools. In particular, American
reference books seem to give figures 10

to 15°C higher than do European ones.
This may be due to the different steel
specification, but | suspect it is probably
because, at the end of the 19th century,
when much of the work was first

TEMPERING TEMPERATURES FOR VARIOUS TOOLS

Arbors 200°C Digs {Drawing|
Axe, Cutting adge 255 Dl {Very simall]
Brass-turning tools 170-180 Drrill {Srmall)
Chasers (Thread) 230 Drill {Large)
Chilled iron-turming 150 Engravar s tools
Cold Chisal 260-280 Gauges
Counterbore 220-240 Hammer-head
Centres (Lathe) 215 Latha Tools®*
Dies (Screwing) 215-225 Milling Cutters

NOTES (1) ** Sas commant In the text on [athe tools
(2] “Sitver Steel” may be tempered at slightly
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200°C Fickaxe 26852 16°C
210 Planer Tools 215-225
220-240 Reamears 230-240
245 Scrapers 200
230-280 Taps 210-220
220 Scrawdrivers 280-280
230-250  Shaper Tools 215-225
200-220  Springs 300-310
210-230 Wood Chisals 215-225

lower figures than plain carbon stesl,

_published, American firms worked their
‘machines rather harder than we did. In the

BEEL -

gble | have tried to iron out these
. farences, but where in doubt | have
tended towards the lower figures, to take
“gccount of the lighter duty cycle of model
_engineers’ tools.
. These temperatures are, traditionally,
- associsted with "Tempering colours”, and
many publications simply refer to "straw”
“or “blug” instead of quoting the actual
figure in °C. The following can be used as
@ guide, but again, there are slight
~ differences between different publica-
tions. There is also a problem in
interpretation: what sart of straw, for
'C mple!

tempers we have been advised to use in
the past are far too high. When the
accepted practice was first established
carbon steel tools were universally used,
both by model engineers and in industry.
Tool sections were large — a 3% inch
Britannia was desfigned for half-inch tools
- and we used industrial practice where,
as | have already pointed out, the cutting
edges were subject to an 8 or 10 hour
day. _

It is obvious that we must temper
down the shank, otherwise the clamping
forces will cause fracture, but the actual
cutting edge is seldom subject to any
shock load — on a lathe tool, at least: the
case of planer or shaper tools is different.

Yellow 215°C Light Purple 275°C

4

~ Pale Straw 225°C Dark Purple 285°C

Straw 235%C Dark Blue 295°C f;f,‘::;:,’;:;
colaurs Appears

 Dark Straw 245°C Blue 305°C on page 36

Il

~ Reddish dark straw 255°C Pale Blue 315°C

~ Brown-red 265°C Grey Above about 330°C

. These colours are as viewed in daylight
or strong tungsten lamp electric light.
T-ho'f will be quite at fault if judged under a
fluorescent tube. We shall look at the use
L of colour-tempering in more detail later in

the chapter.
‘Special case of lathe tools. First, let us
- think again about what we are doing. The
“object of tempering is to increase the
toughness — resistance to shock and
‘Chipping — even though this means a
“slight loss of hardness. Clearly, in a
Centre-punch the risk of damage from
‘blows is considerable. But in the case of
lathe tools, WHEN EMPLOYED ON THE
'SORT OF WORK DONE BY MODEL

'ENGINEERS, | would suggest that the

Now, the cutting edge is subject to
heating. We can use a higher cutting
speed with “"High Speed Steel” simply
because its tempering temperature lies
between 600 and 700°C; some grades
will still cut when red-hot. We use lower
speeds with carbon steel because if the
tool point does get at all hot it will
“Temper down" and soften. Clearly, the
lower the initial tempering temperature
the less risk of damage to the tool point
from wear. And the harder the toal point is
1o begin with, the longer it will take to
heat it up to danger point when (in effect)
it “tempers itself’ and loses hardness.

For these reasons my practice for some
time has been to temper lathe tools very
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lightly — just sufficient to effect a little
grain refinement and to give some stress
relief to the crystal structure; there is still
some marked increase in toughness. | first
temper the whole tool at between 180°C
and 200°C, and then “let down" the
shank only at around 280°C whilst
keeping the tool point cool either in a bath
of water or by using the ancient device of
sticking the business end into a new-dug
potato, This gives excellent results, both
with “Silver Steel” and with a straight
1.15% carbon steel. | use an even more
refined method for my Ivory-turning tools
and those for slide-rest work when “orna-
mentally turning” in exotic wood, and this
is dealt with on page 74.

Tempering Procedure. To be properly
affective the tempering process must be
given time to work and we are also faced,
as in the case of heating before
quenching, with the need to be sure that
the tool is hot right through. If we have a
tempered surface with a brittle core we
have not really reduced the risk of
cracking under load at all. The rule is the
same - ONE HOUR PER INCH OF
THICKNESS, though this is not quite so
important in the case of a tool shank,
where any temper between 260 and
290°C will serve. For the tool point, of
course, the rule applies to the thickness
there, not that of the shank. Now, one of
the virtues of the “'classical” tempering
method — allowing the heat to creep up
the shank to the point — is that this heat
travels, in the main, through the core of
the tool; and provided the shank is heated
gently enough, the “soaking time” will
look after itself. Even so, there is a risk
that the temper may not be complete; yes;
| know it works, but it is so easy to make it
“work better” and we should always try
for perfection. We will look at this “easy
method” in a moment.

da

Tempering should take place as soon
as is practicable after quenching. The tool
should, of course, have cooled to not more
than 50°C, and cooling to room
temperature is safer. The reason for this
expeditious tempering is that the metal is
under internal stress from the quench and
if, as is most usual the workpiece has a
“shape” as opposed to being just a block
there is risk of spontaneous cracking
arising from differential contraction as
well. There is also a risk of “crazing” —
time cracks; these can appear if a tool is
teft too long in the as-quenched condition.

This need for “haste” is one reason
why horologists and gunsmiths like the
“blazing off” procedure — the tempering
takes place as soon as the work comes
out from the guenching oil. If for any
reason tempering must be delayed then it
may help if the work is set in boiling water
for a guarter of an hour or so before
setting it aside to await the final treat-
ment.

Heating for Tempering. First, the “easier
way  mentioned above. Go and look at
the cooker in the kitchen. You will see that
it has a thermostat on the oven if gas or
electric fired, or a built-in thermometer in
it if fired by solid fuel. You will, | think, find
that the thermostat goes up nearly to
300°C - certainly to 250°C - or to "Gas
Mark 9”. (Degrees Centigrade = 140 +
11 times the gas mark approximately) So,
you have a good thermostatically con-
trolled, or at least "temperature indicat-
ing”, tempering fumace on the premises!
The cookery book will give you the
temperatures, and if you time things right
you can set your tools in the oven along-
side the joint. The table below gives the
usual temperatures used in this sort of
heat treatment shop, though the time may
vary a bit depending on the judgement of
the oven-shop forewoman.

___ Irish stew 2h
n°C Braised pigeon, 45m: Casseroles,
Roast chicken 20m/Ib: last stage

of roast beef, 15m/lb.

Cottage pie, 1 ¥h: Mince pies, 25m
Cheese straws, 15m.

25m: First stage of roast duck or
turkey, 20-30m.

Scones, 10m; Bread, 30-40m,
First stage of roast beef

or pork, 20m.

ddition, you probably have a deep-
g chip-pan. Chips are cooked at
*C for 5 minutes or so, and then
“browned” at 195°C, but the oil can
: _’t ¢ be taken up to about 200-210°C
on an electric cooker. (One has to be

reful on gas, as unless the oil is fresh
thare will spitting and some vapour).

f you compare the above with the
y on page 42 you will see that this
ic workshop can temper many of
“tools for you while performing its

1al office, and it is only necessary 1o
gotiate mutually acceptable terms with
: ]irUprthur‘ There is, of course, no
gson (so far as | am concerned, anyway)
hy the oven or chip-pan should not be
: ;':':':- ‘out of cocking hours™ and in this

J ection it is worth noting that a tool
. ought to be r&mpereﬂl at 200°C is
n better treated if it is “cooked” for its
s rna at 190°C than |f maerely “heated
tha colours run up”. The frying oil,
icially, is useful, as the heat transfer is
ll’nnt The only caveat | would enter is
it would be prudent to use an oven or
Sip-pan thermometer, as the thermostat
i domestic cookers can get out of
ration in time.

'ou can, of course, use "frying oil” as a
Smpe ing oil in the workshop, and you
18y still be able to obtain the special

2+h: last stage of roast duck etc, 3h.

JE Yorkshire pudding, 25m: most pies,

“Tempering Qils” which can be used to
temperatures as high as is normally
needed. (Quenching oil is not suitable).
However, you do need a substantial con-
tainer — a thin one may overheat the oil
lecally — and if using gas heating, a gentie
flame, not the sort you would use for
brazing.

The Salt Bath is the normal method of
tempering used in industry. Tempering
salts are quite innocuous, being a mixture
of Sodium Nitrite and Potassium Nitrate,
(Nitrite, and Nitrate] which melts at
160°C. Again, you need a substantial
container, and | use the outer vessel! from
an old-fashioned glue-pot. Fig 20 shows
the satup; the old boiling ring | picked up
at a sale for a few pence finally gave up,
and you see the pot here on a replace-
ment. Ordinary mercury thermometers,
usually nitrogen filled, are available which
go up to 400°C, and are not expensive —
they can be had from laboratory equip-
ment suppliers, or ordered through your
local pharmacist. Alternatively the well-
known “Rototherm™ dial thermometers
can be used. But for most of our work an
oven thermometer from a scrapped
cooker will go up high enough - though it
may be marked in Fahrenheit.

The salts are marketed through Edgar
Vaughan & Co., Legge Street, Bir-
mingham and it may be that by the time
this book is published the usual moadel
engineer's suppliers will market them in
rather smaller quantities. (Direct supply
from WVaughans may involve a "Club
purchase”). There are, of course, a number
of brands, but the only sort | have used is
the DEGUSSA type TS150/AS5140. It
comes as a powder of the consistency of
domestic salt, but must be kept dry, as it
can absorb moisture fairly quickly. It is
non-toxic, and the only serious hazard is
that, like some weedkillers, if absorbed
into woodwork lor vour overalls) it

45



with

“supports combustion”. | deal
“Safety” in heat treatment on page 102,
and only mention this now to reassure you
that we are not talking about material
which is poisonous.

The great advantage of this method
{like that using the oven) is that you have
complete control of the temperature to
within a degree or s0. There is no problem
with "time" — you can leave the work in as
long as you like. And the actual time can
be a bit shorter, as the heat transfer is very
good indeed, The one thing you do have to
watch is that there is no oll or water
trapped in little holes, as this would be
dangerous. The procedure is first 1o bring
the bath up to the working temperature.
The workpiece can be set alongside the
pot ta dry if you have any doubts about it
being dry. (With oil-quenched work |
usually wash in carbon tetrachloride or a
similar degreasant), You need some
means of holding the work - it is no fun
groping about in hot molten salt to find it,
A piece of wire wound round will serve.
Immerse the metal slowly; you will notice
that the temperature falls, but will slowly
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Fig. 20.4 mmple tempering salt bath. The outer case i |
cazt-irgn glue-pof iz sed on an elecinic baling ring. Note
molective caze on the thermometar. Normally & glass s,
frdulating blanke! & wrapped rourd the gol Sol Wiy o
maved for the photograph

rise again — there is not, as a rule, any
need to increase the heating rate. Leaye
the work in for the prescribed time, having
an eye on the temperature; you may have
to adjust the control switch from time g
time, but if it stays within a few degras:
this will be sufficient. The piece can be
allowed to air-cool after the time is up
thera is no need to "gquench™; gquenching
is only necessary when, as in fame
heating, stored heat in one part of the tool
might overheat the part being tempered
Any salt which adheres can easily be
washed off in warm water afterwards.

Once you have tempered the ool
overall in this way the shank can be m
down” with a gas torch, as | have pre-
viously explained. With milling cutters, D-
bits, taps. dies, or any other complicated
tools this is not necessary. In the case of
long tools like reamers you may have (o
use a deep water-bath with some means
of holding the tool upright in order to l&
down the driving square on the end.

The salt bath is the answer to almost all
the problems met with in tempering. Fo
complex shapes — especially milling
cutters — it is almost the only way that the
tool can be tempered properly, and size 15
no problem either, provided the pot is
proportioned to the size of the waork = you
need about 10lb of salt for ona b of siesl
but it isn't critical. You must, of course
remember that the tide will rise when the
work goes in; don't fill the pot too full'
Finally, a detail point on heating. Whan
cold, a crust will form on the top of the
salt. Initial heating must be slow, and it 1
advisable to apply just a little heat to the
outside at the top of the pot to get a littl®
melt around the crust. A lid should alway?
be in place when restarting a salt pot.

TFr

ir Tempering. This is the method
1 model engineers are accustomed to.
iously. even if you have a salt furnace
et jsn't worth firing it up if all that
treating is a rehardened screwdriver
there are many jobs in the average
srkshop for which sophisticated
athods are not worth while. Of course, if
Jay have no salt-bath, and the use of
estic oven and chip pan are denied
then you must use “temper colours”
dicate the temperature. It cannot in
way be disdained as "bad practice”;
method has been used for centuries,
swords and pike-heads in the days
re there were any lathe-tools.
he colours are formed by a film of
@ which is very thin indeed and which
 thicker as the temperature increases.
puld seem that the colour change is, in
due to the light reflected from the
ace of the metal itself passing through
ring thicknesses of the oxide. Cer-
nly the exact colour does depend on
| the type of metal and the surface
h. The difference between the colour
mild” steal and high-carbon steel is
I, but is there, as is the difference
petween that of guenched and
nquenched carbon steel. The effect is to
give a variation in temperature for the
ime shade, but this is only the odd
8 centigrade and is not important.
surface finish should not be too
solished: a dull but smooth matt surface is
i85t unless you are blueing the steel for
fosmetic effects. The colours will, of

-

ed in a diffuse light to avoid specular
ictions. The most usual difficulty is in
ding when to stop; the straw may
38r to be too pale, and then, before
BU have time to think, becomes too dark.
05 is perhaps a stronger argument for
dw and gentle heating than any that has

gone before! It does help to have a piece
of cold steel alongside for comparison if
the very palest straw is the aim. As soon
as the colour is "right” the piece must be
quenched — in oil or water — to prevent
any heat stored in the shank of the tool
from taking it further. The guenching
serves no purpose so far as the actual
tempering is concemed.

The work can be heated in a blowlamp,
using a VERY soft flame, but whenever
possible | use a spirit lamp. It is quite
adequate for most sizes of tool, and
though it takes rather longer than a gas
burner this is all to the good. We are not in
a hurry! It provides a very clean flame, and
one which does not interfere with colour
formation. Even so, it is necessary to
remove the work from the flame to
observe the colour, as it will not develop
properly in the presence of burning fuel
Indeed, it is possible actually to remove
the colour with a reducing type of flame.
Naturally, you must keep the work moving
about in the flame in order to get even
heating if you are tempering the whole.

Objects which are of irregular shape
can be difficult. The heat should be
applied to the heavy part of the section,
and you must keep a very careful eye on
things. Fine corners may “take off” into
the blue before the main body has
reached straw. For such work | always use
the salt bath or domestic oven. But if you
must use a flame, go very slowly indeed.
The difficulty with the direct heating
method is that we are applying the heat
from the outside. and there can be no
guarantee that the internal structure is up
to the temperature; it certainly won't be if
vou heat too quickly.

If flame heating is the only means
available, then you can try one of the
“sami-direct” methods. One which is
often recommended is to bring a fairly
thick steel plate up to just below dull red
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and to expose the workpiece to the
radiant heat, turning it about tha while.
The higher tempering temperatures may
need the plate to be red-hot. You can do a
similar thing with a firebrick oven; just
arrange a few firebricks to form an open
box, heat them with a torch, and then hold
the work inside with tongs - again,
turning it about all the time. Many use a
sand-bath. A tray of dry sand is heated
from below and the work either laid up on
it or buried, the sand being turned aside to
inspect the colours from time to time. (it
helps to have a thin piece of similar
material laid on the surface of the bed in
that case, to act as an indicator). The sand
must, of course, be kept well stirred whilst
heating, to make sure that it is at an even
temperature. | would not recommend
sand for temperatures in the "Pale Straw”
region, but for deeper colours it works
well: as soon as you see a pale colour you
know that the others are not far behind.

Transmission Tempering This is the
“classical” way for lathe tools, but it can
be extended. The tool is heated at the
shank end, and as this turns blue, so the
purple — dark straw — straw = pale straw
colours run towards the point. As soon as
the pale straw reaches the region of the
cutting edge the tool is quenched, point
down, in water. The virtue of this method
is. as | have already suggested, that the
heat travels down inside the metal, and
we can be fairly sure that the tempering
has reached the centre. The difficulty is

W

FLAME

that the temper is uneven, from Poing
backwards. In the case of a knife-tag
there will be marked difference iy
hardness along the cutting edge, and ;
parting tool will get softer as it |
reground. This is the main reason why |
changed to the “two-stage” tempering
process already described. Nevertheless
the method is sound, and if care is taken
(very gentle heat, with the flame moved
backwards, away from the point, as the
work gets hotter) satisfactory results can
be assured.

The idea can be extended. Fig 21
shows a method of tempering a8 small
milling cutter, of the type (used in
horology) which is screwed on to an 8mm
collet arbor. The copper rod is threaded
and screwed into the cutter, and heated
with a blowlamp. The heat runs down the
rod, through the metal of the cutter, to the
teeth. Note that the cutter is set on the
rod as shown, so that the teath are more
or fess of uniform distance from the hot |
rod. Fig 22 shows a similar device in use
tempering a die. In this case the circular
die is wedged into the end of a piece of
copper tube, which has four slits in the
end. There is a ball of steel wool inside the
tube just below (but not touching) the die |
to prevent hot air currents from heating
the centre part. The tube transmits the |
heat to the die from the outer perimeter
and the whole is quenched when the
cutting edges reach the right temperature
Again, the heating must be gentle. The

Fig. 21 Using & “heal pipe” whan farmpening
srrrall dovertanl imyilliomg cutier.

., ..- Twﬂ:hpndm The capper felbe acts a5 @ heal pire.
mnmmmn.rwnm the tube to prevent heating
Fravmt barfae

";1_ tage here is that the outside of the
|which acts more or less as a spring in

saws these days, but similar
can be tempered by gripping
pen two washers on a bolt, held by a
. The heat is applied by heating the
t. Many other examples will come 1o
ad. The object is the same in all cases:
; 10 heat from the part of the tool
ich need not be hard, towards the
ng edge; and second, to arrange
so that where possible the heat
5 through the interior of the tool,
ching the cutting edge from within.
ting Off. This is applicable mainly to
which has been oil quenched. As
as it is removed from the quenching
th the tool or component is held over a
Il flame until the residual oil ignites
nd burns away. The heat so released (the
Work is taken from the torch or lamp
flame) tempers the work. For larger pieces
he books™ suggest binding some iron
firé round, to hold more oil. The “theory”
iBvanced is that the temper temperature
sociated with the flash point of the
il. This is nonsense. The flashpoint is
eraly an indication of the temperature at
(under very artificial conditions) oil
'will start to ignite. The actual temperature
Bached will depend on the mass of the
orkpiece and the amount of oil retained,
/el as on the heating vaiue of the oil.
Jﬂ'lE axperienced practitioner, and for
small clock parts like click-springs
| pallets, the system works well, but
' will have experimented a great deal
. most important, will “know their oil”.
fuctions in old books were the result

of decades if not centuries of trial with
ane oil — from the sperm whale — but with
the wvariety available and used today |
would not care to give any instruction at

all except to "Experiment first”, It works
very effectively, but does need experience.

To sum up; the ideal tempering
medium is the salt or oil bath with the
domestic oven or chip pan a practicable
alternative. With these methods the exact
temperature of the work is known, and
conditions can be repeated exactly. The
use of colours to judge the temperature is
safe, but needs a little trial and experiment
to judge the tints accurately; the
temperatures will then be within the
“tolerance” for the type of work we do.
The actual degree of tempering needed
should be considered, bearing in mind that
most of the recommendations in Hand-
books etc are for industrial conditions, not
those of the model engineer. The temper
heat should be held for a period — ideally
for one hour per inch of section — and
should be applied slowly. Tempering
should be carried out as soon as possible
after the initial quench. | will add just one
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final point; in some cases we do want a
surface to be of maximum hardness and at
the same time to have a fine grain —
wearing and rubbing parts are cases. If
this is so, then it is worth trying a temper
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at 100°C - just boil the part in water for
half-an-hour or so. This will not reduce the
hardness at all, but will achieve some
grain refinement. For “fine grain’ cutting
tools | suggest a procedure on page 74.

'he Open Fire. There may be a few model
ineers who own a blacksmith's hearth,
perhaps more who have inherited
n from an earlier generation; it seems
ave been an essential piece of equip-
it in the earlier times. | do have a small
‘with a hand-driven fan and though it
ged mainly for smithy work, and then
‘only rarely, | have hardened large objects
Rl . . '
in it. The last job was a pickaxe point, and
I must confess that winding the handle
got a bit wearisome! The forge was the
tural thing to use — apart from saving
igxpensive gas — as, of course, the point
needed reforging as well.
. Coke is the usual fuel — proper coke,
mot the soft stuff sold for domestic fires.
an alternative the egg-shaped
anufactured fuel ("Phurnacite’”) is
landy, as the eggs are more or less of
Uniform size. Housecoal is useless, and
‘Should not be used even to start the fire,
ind steam coal little better. For hardening
You need a fairly deep fire, hot all through.
1o achieve this the fuel must be stirred
it in the earlier stages. Once you have
ice glowing firebed the fan must be
0 with discretion — you need a draught
Br than a "blast”. The work is laid on
the fire at first — in fact, it can be left
there, preheating, whilst you bring the fire
3“1& piece is then set in the heart of the

{eating Equipment

firebed, but where you can see it and
observe the colour. It must be turned
about at intervals so that no one side is
uppermost for any length of time. Take
care that it is not exposed to the direct
draught from the fan. Slow, even, heating
is the order of the day, avoiding the
impingement either of direct, cool,
draught or a draught which has passed
through any extra hot part of the fire.
Overheating must be guarded against like
the plague. and you must bear in mind
that the metal will look cooler than it is
until you get used to observing the colour
in contrast to the hot coke. You can bring
a forge fire up to 1500°C and metal at
780°C will look dead cold in comparisan.
A useful expedient is to use the semi-
indirect method. Set a piece of (say) 2
inch steel pipe in the midst of the fire. Ger
this hot — a little above the temperature
you need — and heat the work inside it
You are then able to judge the
temperature more directly and, further,
will be protecting the workpiece both from
cold draughts and from local overheating.
It is slower, but, as we have seen. fast
heating is NOT the prime requiremeant.
Domestic Fires. This is a practical
alternative to the smith’'s hearth for
smaller pieces. After all, Nasmyth made
the castings for his first steam engine in
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his bedroom fireplace! The ordinary open
grate will get hot enough only for very
small work, but any closed stove with a
proper air control can be used for anything
that will pass through the front firebars.
(Fig 23) As with the forge. coke or
“Phurnacite’” can be used. | have had no
experience using anthracite.

The grate must first be cleared of ash
and clinker and the fire then built up by
adding small guantities of fuel at a time
until the firebed is as deep as can be
accommodated. The aim must be to get a
uniform rate of burning right through.
Once this is achieved the front doors lor
one of them)} must be opened and the air
valve in the ashpan adjusted to get the fire
above, but not too much above, the
temperature needed. The tool should be
set in the upper part of the fire and, as in
the case of the smith’s hearth, should be
turned about at intervals. You need have
no fears that it won't get hot enough; the
stove in Fig. 23 can be brought up to
1000°C very quickly indeed, and if you
find any clinker in your grate, this is an
indication that the grate temperature has,
at some time, been of the order of
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Fig. 23 A dowestic sfove of )
rype can be wsed o st Work i,
Frlening.

1300°C| The main problem | find is that |
unlike the smith's hearth you have no |
positive control; the response to adjust-
ments of the air valve is slow, and you
have to anticipate changes in the rate of
burning.

Naturally, you must take account ol |

your surroundings — it IS your hearthrug
after alll But the main objection | have 1o
the use of the domestic stove for harden
ing is that the front grate-bars prevent the |
use of a piece of pipe. However, with the
closed stove there is little problem in |
“"Spaking''; once the fire has reached s
temperature it tends to “stay put’ fo
quite long enough for the size of work
normally done. It is very useful for anneal
ing, as the piece can be allowed to cocl
wnh the fire overnight. Even if the fire is
not “out’” in the morning this is not impor
tant. It will have cooled through the
critical range very slowly and can be set 11
the ashpan to finish off.

Some books suggest that there may be
a tendency towards both scaling and
decarburisation when using the smith s
hearth, but this need not cause us to®
much concern. It is true that a hearth with

23A The suthor's hand fan

Fforge. Situated In an
puge for safety, as the fire can

e DUt S arkS 10 s0ma haight

&

..'-I blast can decarburise, but we are nol
llng with the size of work normally
s by the old blacksmith. You may need
10 ».!:akﬂ care if the heating time is half an
',_f'.- r or more, but it is only a case of
avoiding direct impingement of the blast.
Some scale will be formed, of course, but
ather less with the closaed stove than you
r ht imagine. The aimosphere within the
sd is mainly carb:::n monoxide and

ant than in a fan-driven fire. It is good
actice, of course. to remove any scale
It:h may be preaem from previous work,

cluding the “mill scale” on black bar.
re scale w}H be formed |n the !-::mg heat

h idance of scale is important the work
should be protected. For avernight anneal-
,]'.- a good way is to encase it in fireclay
0T fire-cement] reinforced with iron
Wire. Or put it in a tin box packed with
wnh a little charcoal mixed with it

ywilamps and torches. Most modal
"I‘nnam will have some form of paraffin
o OF gas torch for use when brazing and it is
N&tural that these should be the first
TeSort when heating for hardening. | will

deal with the various types in turn. | most
strongly recommend that you NEVER,
except in the most dire necessity, use
Oxy-Acetylene lor Oxy-anything else} for
any form of hardening operation unless
the use of such equipment is part of your
daily work. Even then it is risky. First, if the
flame gets too close to the work, even for
a second, that point will be overheated,
decarburised, and almost certainly suffer
from oxide penetration at the grain boun-
daries. Second, it is very difficult to get
even heating as the heat source is so con-
centrated. If the flame is adjusted to avoid
scaling there is then risk of excess car-
burisation which would result in cracking
on quenching. Finally, it is a very expen-
sive method of heating. Few people seem
to appreciate that though the flame is very
hot indeed the actual heat oufput is
extremely low. In fact, the largest nozzle in
the outfit | used to use (for welding ¢ inch
steel plate) gave out rather less heat than
did my smallest paraffin blowlamp. It i5 a
case of horses for courses; for its purpose
oxy-acetylene torch does its work very
well indeed, but that work is not heat
treatment of steel unless you own a
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"Shorterising” surface hardening plan
and that is unlikely! So, let us turn our
attention to the gas-air type.

The Torch Flame. Though | shall be refer
ring to "gas’, the same remarks can be
applied to the paraffin blowlamp flame
The difference in the fuel is not important
~ the heating value per pound mass of fuel
(liquid or gas) is very nearly the same, and
the paraffin (kerosene in USA] s
vaporised before burning, so that the
flame is in all essentials a gas flame. Such
flames will appear as shown in Fig. 24
with a central cone surrounded by a more
or less diffuse outer curtain, though its
actual shape will depend on the fuel used
the type of air supply, and the air/fusl
ratio. Primary combustion occurs within
the inner cone and the heat release
causes decomposition of the rest of the
fuel gas. These fuel constituents burn n
the outer envelope, using any excess ai
present within the flame and air drawn in
from outside as well. The inner cona
temperature will seldom exceed 1100°C
but just beyond the tip of the inner cone
the figure will be in excess of 1600°C
(The theoretical maximum is higher still
but is not reached because no burner is
perfect and in any case there is consider
able radiation of heat from the flame
itself). Beyond this point the flame
temperature diminighes again, as shown
in the sketch. It is not always appreciated
that a similar temperature gradient occurs

Fig. 25 Gas foroh with pressure aic-supply, showing 18
ranige of Hame formation possible, (Cowrtest Flamerast Lid!

28 Two fypes of self-hipwn

ax gorch The iowar burner has the
-' rerriole freen e foeme

e arid e3n be ased i confimed
s THAP $howen above needs o

o suply of wivrownd the lasme
oe-Shovart Lic)

ACROSS the flame, but this is the case. If
‘there is a long inner cone it may be that
‘heating will be more efficient if the flame
s laid alongside the work rather than be
‘directed straight at it

. The general form of the flame will be
the same for all fuels. perhaps some
‘difference in colour and some fuels will
\give a “sharper” cone than others. but
there is considerable difference in
CHARACTER of flame between those
\which come from a "self-blown" burner,
such as those normally used on Propane
or Butane, and those which have a
Sseparately controlled air supply derived
from a fan or blower. There is some
feasonably wide control of the size of the
flame with the self-blown type, but any
thange in character (eg. from “bushy” to
"':ﬁﬂadie“} requires a change in burner
head. With the air-gas torch there is
€omplete control of the flame, both as to
Size (within reason) and character solely
Dy manipulating the air and gas contral
valves. There is no doubt that the burners
with separate air and gas supply and
Lontrol are by far the most efficient and
Lonvenient to use. The self-blown
;ﬁfﬂpﬂn& brazing torch is, of course, quite
Eapable of the work and if you have the
Il range of burners will tackle all jobs
fl'OlTl the largest to the smallest. But they

do need careful attention both to gas
pressure and to burner head selection.
And they do need clear air round the
burner head except for the special ones
which have extension tubes beyond the
air entrainment holes. When used in a
firebrick "cave the flame must have room
to develop outside the entrance or it will
“blow itself out”. The paraffin (kerosene)
blowlamp is rather more flexible, largely
because the fuel vapour is preheated, but
also because the inflammabiiity limit of
paraffin is much wider than that of
Butane, Propane and Methane (N.Sea
Gas) so that the air/fuel ratio is much less
critical.

All these flames will, if the burner size
is right, exceed the temperature needed
for heat treatment of steel. There is no
problem here. However, we are concemed
with even heating and, in most cases, with
"sconomy . It is desirable that the flame
be short and broad rather than one which,
though equally “"powerful” (in terms of
heat release) is long and needle-like. With
the air/gas type this requires only the
manipulation of the controls but with the
self-blown torch the burner head must be
selected accordingly. Those described as
“broad blowlamp™ are ususally the most
appropriate.

Applying the flame. Heat transfer from
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flame to workpiece is very poor indeed.
On test, a piece of steel about the size of a
5/16 inch sq. lathe tool, laid flat on
firebrick, took five minutes to bring up to
the hardening temperature — something
like 1500 units of heat from the burner
transferring only 10 heat units to the
steel. Not a very good score| By setting up
a simple “"cave’ like that in Fig. 27 the
heating time was reduced to 105
seconds; about 500 heat units. Not good,
but better than before. You will, of course,
quote my own words and say that the five
minutes of the first example is rather too
fast for the heating-up time, and you
would be quite right. But we have to
HOLD the temperature for about another
quarter of an hour and if this is to be done
on the open firebrick the burner must be
kept at full throttle the whole time. Using
the “cave” it can be throttled down.
Moreover, as the work will be heated
largely by radiation from hot firebrick it
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Fig. 27 A crude but very effective heal conserving devicy
The hot gases escape batwebn the back and fop brigks. Nots
tha ifttle cerarmic irvels for Supporfing the wark,

will be heated more evenly. And, finally, i
we have several pieces to harden then we
can save a considerable amount of gas
The “cave" is really a little furnace.

The intelligent use of firebrick will both
save gas and ensure more even heating. |
use three types. First, ordinary firebrick
from 1 to 3 inches in thickness. These ara
refractory rather than heat insulators
they will withstand very high
temperatures. Second, lightweight
“Insulating Bricks”, of which “Fossalcil”
and “Folsain™ are typical. These look and
feal like cork and are intended for heat
insulation behind walls of firebrick in
furnaces. They can be at 1000°C at one
end and dead cold at the other, and are
avallable in the same sizes as firebrick
Both firebrick and insulating bricks can be
had from most builder's merchants. The
third type are “Hot Face” bricks — more
refractory than the insulating type (which
are friable and melt at around 1250°C)
and with much better heat insulation than
the ordinary firebrick, These seem to be
available only from specialist suppliers
(eg. Messrs Flamefast Ltd, Pendlebury
Trading Estate, Manchester M27 1FJ, or
MPK Insulating Ltd. Hythe Works
Colchester CO2 8JU). They can be cut
with a saw and drilled, and will stand
reasonable loads. An accessory which |
find most useful both upon open firebrick
and in fumaces is the little ceramic
“trivet” as used by enamellers — Fig. 28. |
use these to support work so that flame
can get beneath and, in furnace work, 1o
ensure that the underside of the piece s
radiation heated and not by conduction
from the muffle.

Furnaces. The obvious next step from the
cave Is a proper furnace, Those who do a

2B Method of holding a screwing die for quenching, with
1':‘:'" f owhich (E iy supporfed duning hesting on the oighi,

ot of brazing may well have one of the old
tile"" gas-fired forges which lin the days
‘when | had access to town gas) served me
as brazing hearth, heat treatment shop,
‘and melting furnace. They are still avail-
‘able, modified for use on North Sea gas,
rom Alcosa Ltd (trading as William Allday
- Co. Ltd, Stourport on Severn, DY13
AP) but rather costly, I'm afraid. But for
‘the serious practitioner, who needs heat
for all the purposes mentioned above,
they are, | believe, the best small general
purpose heating unit available. The only
drawback is the lack of temperature
‘indication, but if you use heat sufficient to
'sji_,mt'rl"-.r the cost of a Utile you will be pretty
‘expert at colours anyway.
- There are two small furnaces on the
market which | know of which may be
‘worth looking at. The first is simplicity
indeed — the Alcosa “Export” Portable
Forge. Fig. 29. Intended for use by
‘itinerate farriers abroad, it can reach up to
1150°C and is very rapid in heating up.
;Ii’lnl::-a up to temperature the supply can be
reduced — the full heat output is equiva-
lant to about 16kw. There is no pyrometry
and temperature must be judged by
~ colour. Very simple — almost crude — but
cheap and effective. The second is the
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Flip. 28The "Alcosa”™ portable propane fired fumace, The
ix 91 fn wide « 54 in high « 11} in deep and can
(Feuch 12007 C with pase, [Courtesy William Alday Lid),

small gas-fired kiln as used by enamellers,
marketed by the Flamefast Co. as their
kiln type LN1000. This is rated to reach
850°C in 10 minutes or so, and will run
up to 1000°C. It is fitted with a pyrometer
and manually controlled firing rate. the
maximum being equivalent to 34tkw. The
chamber is about 7 in x 5inx 73 inand it
can be fired on N.Sea gas, Propane, or
Butane. Fig. 30.

There are others, of course, in varying
degrees of sophistication and size. Anyone
who practises the art of enamelling (or
some types of pottery, for that matter) will
have such a furnace which can usually be




used quite as well for heat treatment.
There is also the implication that for
model engineers, being the sort of
ingenious people they are, it would not be
difficult to “make your own’. This is not as
easy as it seems. There have been more
fortunes lost (and eyebrows too!) over the
combustion of gas than in most branches
of engineering — it is not just a case of
providing a jet and lighting the gas! It
does need a lot of experiment, and | would
suggest that it be done outdoors at first;
delayed ignition associated with a
chamber of a cubic foot or so can be more
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Fig. 30 The FLAMEFAST LN 1000 kiln, This is intended for
use by erameiiers, bot i3 mare than adequete for feal trerf-
meet up to 1200°C, It is fitted with a pyromerec and ix fired
frem aither botiied or mains supply gas. [Courtesy Flamelast
Lrd.

than interesting at times! But see Ch.IX,
Tube Furnace Most of my own work is
done either in an old electric muffle or a
salt bath, but | do make frequent use of a
rigged up gas-fired tube furnace, shown in
Fig. 31. The tube itself is a piece of 14
inch exhaust pipe, relic of the days when |
used “proper’ lie. "vintage’) motorcars,
about 6 inches long. The tube is supported
in 1 inch thick Folsain bricks with a hole
cut using the ordinary tank hole cutter,
One of the cores from the drilling is used
to plug the back and as it has a hole from
the pilot drill this enables me to set a
home-made thermocouple inside if need
be. The other core is used as a “front
door”. | give more details of the construc-
tion on page 90, but it IS very useful for
those odd jobs which crop up which are
neither large enough to warrant firing up
the muffle, nor trivial enough to trust to
direct heating.

Electric Muffles. There are many small
electric muffle furnaces on the market.
some for laboratory work, others for
enamelling, and these provided the most

economical heating device where any

Fig. 31 A very armple gas-firef
tube furndce.

Fip. 32 The author's electric mulfle. capobie of working up to
SFOO0EC Fi i fiteed weith @ pyrormetar, but has “Enengy
Qagwlalor” conbrod of the femperature,

*soaking” is needed. They do take a fair
" time to heat up, but once at the operating
_ temperature use very little power indeed.
Al are fitted with pyrometers these days,
" sp that accurate temperature control is
. possible even if there is no thermaostat,
~ Heating is radiant into the work and it is
" gasy to avoid scaling. Last but not least,
they can be left to look after themselves
. with safety, making no noise and, if not
thermostatically controlled there is usually
a “thermal fuse” which breaks the circuit
if the safe maximum is exceeded. My own
{Fig. 32) was obtained second hand for
the proverbial song some time ago, but
gven new ones are not prohibitively
expensive — about the same cost as a gas-
fired one. Mine has a chamber 5 in wide x
4 in x Bin deep and is rated at 1000°C
- maximum, though most today go up to
1200°C.
Unlike the gas-fired type, it is relatively
. easy to make your own electric furnace so
long as you take the normal precautions
when dealing with lethal mains voltages.
Ready-wound muffles are available from
such firms as Galienkamps, Griffin &
:Gﬂnrge. and other laboratory equipment
suppliers (they are spare parts for their

i F A

Fig. 33 The Kantha! Electroheat electric farnace
| This is supplied ax a kit for home construction. Nate
 that an sarthed siveld hat vl fo he fisted over the des-
- minafy. One of the heating elementy is seenin front of
Ehe furrrace. [Cowrtesy Kanthal L),

standard ranges of muffles] and these
need no maore than encasing in insulating
materials and a metal or “Syndnyo” {or its
equivalent)] case. Heating elements are
also available, either in the form of “"Hot
Rods” or "Heating Bricks" — refractory
bricks with elements embedded in the
face — or as refractory tubes with an
glement wound round. Home construction
is dealt with in Chapter IX and the only
point | would make is that you should
seek the advice of the element suppliers
early in the project. Fig. 33 shows &
home-made furnace which is supplied in
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“kit" form by Kanthal Electroheat,
Inveralmond, Perth PH1 3EE. though as
shown it does need guards fitting over the
electrical connections.
Salt Baths. | have already referred to the
salt-bath for tempering. Neutral and non-
toxic salts are also available for the higher
temperatures needed before guenching.
They must not be confused with the
ACTIVE salts used in cyanide hardening —
the constituents of the neutral salts are no
more than common salt {sodium chloride)
mixed with a certain amount of potassium
chloride to give the required thermal
characteristics. The type which | use
(Degussa GSEB0/WS720) melts at
§70°C and can be used up to about
1000°C: it is obtainable from the same
sources as the tempering salts. (p.45).

" The salt is melted in a welded steel
“pot”. In industry these may be large and
heated by gas or electricity — usually the
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former — but for the model engineer the
vertical electrical tube furnace heating a
pot made from steel tube is the most con-
venlent. Gas heating presents certain
problems (other than those already
mentioned) and an electric heater is easier
to control. The size of the pot depends on
the work you want to do, of course, but
that shown in Fig. 34 is quite adequate.
The actual pot is about 3 in. internal
diameter and is 10 in. deep, with the salt
bath itself about 7% in. deep. (You must
allow for the “tide to rise” when the work
is put inl). It is, in fact, a small home-made
laboratory furnace, and | give details of
the construction later. It is, perhaps, larger
than is really needed for model work but
you need room for the essential pyrometer
as well as the work.

For the initial melt the salt, which
comes as a fine powder, is put in to about
4 inches below the top of the pot and, as
this melts, more is very carefully added as
tha lavel sinks. When re-melting subse-
quently a fairly heavy iron lid should be set
over the mouth, as a hard crust may form
when the salt sets on cooling and there is
just a risk of spitting. However, so long as
the top end of the heating element lies
above the salt level the crust should melt
from the outside inwards with no such
trouble.

The workpiece should be preheated a
little if it is likely to have water or oil in any
holes, and if any holes are deep or large
some consideration should be given to
these, as there is a risk of spurting of hot
salt as the air (or, worse, vapour) trapped
in the hole expands. The piece can then be
set in the bath, with a wire “handle” if
nead be. (A job like a file or scraper can, of
course, have the tang protruding from the
surface). The immersion of the work will

Fig. 34 The author’s laboratory type Ausieaising salt-pot
furnace. Construction (s described on page 38 Note that the
“POISON™ label refers fo previous use with a oyanide
hardering pot

mporarily reduce the bath temperature,
cthere is no need to adjust the controls
5 auld recover very quickly as there is
snsiderable store of heat in the furnace.
ce there the workpiece can be left for
ascribed time which, for a salt bath,
‘#an be HALF THAT NEEDED FOR A
MUFFLE FURNACE; ie. 30 minutes per
ineh of thickness. This is one of the great
dvantages of the salt bath — the other
Baing that the heating is bound to be
piform and to the correct temperature.
work can be guenched in water,
prine. or cil. Most of the adhering salt will
spall off " on quenching, in the first two,
and the rest will dissolve, This will do no
tm. Salt will, however, collect in the
om of an oil bath and this must be
id out at intervals. As | have said, the
It itself is quite harmless (when cold,
: molten salt must be treated with
same respect as that accorded to
molten metal — see Ch. 10.}) and debris can
ba disposed of down the sink with a good
flush of water. In which connection, the
material DOES absorb water easily, and
he salt powder should be kept in plastic
-in an airtight container. For the same
on, a lid should be kept on the pot
When not in use.
Naturally such a pot should not be used
' -':l'i:'l"' ge tools. The salt level should not be
858 than three-quarters full nor should it
S8 more than an inch above the top of
3 heating element — and certainly
Should not approach the top of the pot. In
Ofa sense a larger diameter and shorter
gepth would help in this respect, but the
of the tube and heating element then
mes rather high. Safety precautions
dealt with in Ch. 10, but | will
1asise one point now. The liquid is
. a3 hot as molten brass, and you
Ild be wearing proper goggles,
mMear, overalls and a cap. DON'T try 1o
Mg up” a salt pot; it must be properly
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constructed and be solid enough and
heavy enough not to tip over, for the hot
salt will set the floor on fire just as would
hot metal.

Furnace Control. There is no method of
control of a gas fired fumace which is
reasonable in cost other than “manual”, It
is possible to obtain modulating flame
burners with thermostats but the cost and
complication would be difficult to justify
for the model engineer. Elactric furnaces
can, however, be controlled automatically,
in two ways. The easiest and cheapest is
the “Energy Controller” — as is used on
the hotplates of most electric cookers.
This is, in effect, a simple time-switch.
With the dial set at "0" the current is off
all the time; set at "10" it iz on all the
time. In between the current is switched
on and off in proportion — eg. at "6" the
current flows for 80% of the time, at "4"
for 40%, and so on. This is very effective,
and spare cooker controls (or even one
from a scrap cooker] are usually rated at
about 3kw, which is quite adequate in
mast cases. The one essential is a pilot
lamp, for it is all too easy to “forget™ and
leave it switched on all night. Again,
cooker controllers have a set of contacts
specially for such a lamp.

The proper "Thermostat” is far better,
of course, as the temperature can then be
controlled within close limits. The cost is
greater, of course, as some form of relay
or “solid state” switch is needed as well
as the thermocouple. This latter CAN be
the indicating thermocouple, but is usually
a separate element. The cost and com-
plication does depend, of course, on the
degree of control needed. For the sort of
heat treatment we are concerned with
one which will hold the temperature to
within +/— B°C would serve and +/— 5°2C
is as close as is necessary: all steelmakers
quote a temperature range for their
products, usually 20°C wide. Quite
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frankly, | have found that the only problem
with my energy controller type is
“forgetfulness™! | know pretty well where
the dial has 1o be set for any particular
temperature, but | have, on more than one
occasion, been called away from the shop
and forgotten to check the temperature
before leaving.

Spirit Lamps. From the sublime to the
ridiculous? By no means! The humble
spirit lamp is quite invaluable and. | would
say. essential when dealing with very
small and delicate parts. It is cheap, it
provides a very clean flame, and it needs
no heavy gas bottles or trailing wires to
feed it. My own is one of the little glass
affairs with a round wick about § inch
diameter, but | do use one from a spirit
fired model which has a larger, flat, wick
from time to time. The glass one will bring
Fig. 35 A4 poir of

Sleckzmittis  “pllers”
aboir 18 inches long

Fig. 36 Labaratary fongs,
ahout 8 feches lang, far
Ermiifir wiirk

the end of a 3/32 in. diameter rod up 4,
quenching temperature quite happily |
have already referred to the use of a spj,,
lamp for tempering. For scriber points ar,
even tiny boring tools the whole proces;
can be carried out with this little fellow
Handling. Naturally, you have to be ah,
to hold the hot metal. | have already mag.
passing reference to this from time
time. In many articles | have read 1h,
author has mentioned holding the waod
with “pliers”. This does NOT refer to th;
normal mechanic's tool which, being (if o
reasonable quality) hardened will sogr
lose their temper if so treated. Th:
reference should be to "Blacksmith:
pliers” — the layman would call them
“Tongs”, perhaps! Fig 35 shows such :
pair, and you will see that the nose has
almost decorative curves. This is to giv
some slight spring in the holding. A ring
like the link of a chain can be slipped o
the handles to hold the nose closed on the
work. Such pliers or tongs come in many
shapes, but that shown is the most useful
for heat treatment.

For smallar work the “laboratory
tongs” shown in Fig 36 serve the samg
purpose. Usually made of stainless steel
they can be used to grip either with the
ends or within the “ring”. It is, however
important to obtain only the best quality
even these do occasionally tend to cros
their legs”™ and the cheaper variety (often
sold for handling bacon in the frying par/
are useless. They can be obtained through

eputable chemist, though they are
cely to be held in stock. In all cases the
s of the tongs should be warmed
gre handling the metal, and on no
eount should they be wet, with either
ger or oil.

n situations where the use of "pliers”
sot possible then iron wire can be
gnd round to make a handle or
sreaded through a hole if there is one.
ige Fig. 28.) Remember that when the

Sjmn gets hot it both expands, which may

ssen the hold, and loses strength. Take
re that it is secure, and propertioned to
size of the job. At the same time, use

Iwire that is the thinnest gauge that will be

ate, so that it will not interfere with

e uenching action. There remains the
sase of the part which is so small that
an thin wire would cause trouble. The
swer here is to heat the work in a
poat” — just a piece of tube sawn in half -
i to use a quench tank of such depth
no stirring is needed; the part will fall
the bottom at a rate which strips it of
m or vapour. The heat content of
g tiny parts is so small that the
iench is almost instantaneous anyway.
8y can be tipped from the boat to the
ik with no fears that the cooling will be
nclusion. Domestic fires and the
ormal brazing torch equipment will cover
o5t of the heating arrangements needed
1e model engineer whose hardening

e
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programme is “occasional’. The same
heat sources should cover the needs of
annealing, and brazing torches are
adequate for “open hearth” cassharden-
ing referred to in Chapter 6. Those who
make a lot of special tools, whose work
involves the hardening of jigs and gauges,
or who make a practice of hardening
wearing parts on their models (as we all
ought to do) will find that the simple
electric or gas-fired muffie will help a
great deal, and the salt-bath even more
so. For tempering all but the simplest
parts the low-temperature sait-bath is, as
| have already indicated, far easier and
maore reliable than any other method.

In using brazing torches, however, it is
essential to set brazing practice and
brazing experience aside. You must “think
of the atoms’” as it were, all the time. The
temperature is higher than is needed for
silver-saldering and is more important.
Further, you have to hold an even
temperature for quite a long time — just
the opposite to brazing requirements,
where long heating can cause problems
and where we deliberately get one part
hotter than the rest so that the alloy will
“follow the heat”. Naturally, it is imposs-
ible to cover every eventuality or every
expedient in a chapter like this, but if you
keep the “principles” outlined earlier
always in mind you should have no
difficulty in devising a satisfactory scheme
for anything out of the ordinary.
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CHAPTER 6

Casehardening

So far we have been concerned with work
which needs to be hardened right through
— toals, punches, chisels and the like — but
there are many applications where
SURFACE HARDNESS only is needed,
the classic case being a crosshead pin.
Such a component could, of course, be
made from “Silver” steel, hardened, and
then tempered to reduce the brittleness.
However, the tempering would reduce the
surface hardness and so the wear
resistance — and we have had to use an
expensive material. In “Casehardening”
we take a low or medium carbon steel (in
industry, perhaps an alloy steell and
modify the structure of the outer skin so
that this can be hardened without unduly
affecting the core. The main body of our
pin will then have all the characteristics of
the "mild” steel originally used but the
surface is as hard as an untempered
hardened high-carbon steal.

To bring this about we adopt a process
known as “Carburising”. You will recall
the Chapter | that to make "Cast Steel”
from wrought iron the metal was heated
for a long period in the presence of
carbon, so that the carbon content of the
whole mass was increased. For casehard-
ening the process is similar, but the
heating time is much less, with the result
that the skin only of the metal takes up
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the carbon. Industrially the time is suc
that a casing of appreciable thickness -
1/16 inch or more — will allow for subse.
quent grinding. For model-making such
depths are unnecessary and we seldor
resort to grinding anyway, though we ma,
lap the surface to improve the fimsh. With
thick cases there can be a dimensional
change, but there is no need to wom
about this for the depth of carburisation
normal for model-making.

Once the part has been surface car
burised it is heated again up to the har
dening temperature and quenched. W
CAN temper it if we wish, but this is no
necessary and even if it is thought desir
able to refine the grain a little, 100-140°C
will suffice. However, we can modify the
process and so derive one of the greal
advantages of casehardening ove
through hardening. We can maching the
piece after carburising but before
quenching. This will remove the case frorm

the machined parts. Quenching will have
no effect on the machined surfaces, ant|
these will be soft. This is quite norma |
practice, and many engine and machin: |
parts are designed to be treated in thi
fashion. Fig. 37 is a case in point — a pin |
with a hardened bearing surface and w0
screw threads. If made from silver sted!
these threads would be dead hard unles: |

'I'parnd. yvet if they were tempered to
the safe hardness the wear resistance of
pln will be reduced, perhaps unaccep-
. The pin shown is, in fact, made of
hardened mild steel. At “a” the pin is
gh machined at the ends, about 1/16
inch oversize, but the bearing surface is
nished. At "b"” it has been carburised all
pver and then the case turned away from
he ends, down to finish size. One thread
85 been screwcut. At "¢ the pin is seen
after reheating and quenching - anti-scale
3aint was used. Finally, at “d” you see the
iread cut on the other end (after
e hing} and the whole cleaned up and
3olis . BOTH threads are soft, despite
fm:t that one was cut before and the
ther after quenching, yet the bearing
: e is dead hard, and took the teeth
off the file. The hard skin was subsequen-
Ly m&asured and found to be between
'-d 03 and 0.005 inch thick.
Thare are other situations where
:asehardening can be used to advantage.
i exan'iple. a complex form-tool can be
de from mild steel and carburised.
after hardening it will have a surface
harder than tempered carbon steel. It will
Not stand regrinding, but the tool life will
38 slightly longer and if it is to be used
ly the once we have saved a lot of
ensive material. Made from carbon
a pivot pin or a lathe centre will need
0 De tempered; casehardened — there is
M0 need, and the wear resistance will be

Fig. 37a Piece of M.5. prepared for carburizing. 37 Afrer
carburiting, amr end scrpwad prad the oifer pladn furned, 37,
The same place after rehsating and guenching. 374 The plaln
wrid hag been screwcur and the wholp clpaned up. The beaving
swrfac e i3 desd frard, but both serewed erols are 2o

# R S
- ij _51
it ni Tlh-.h]ll it
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greater. In ANY situation where the part is
subject to shock loading or where
toughness is needed for other reasons, but
at the same time resistance to wear is
required, casehardening is the answer;
you have the load bearing core in a state
to take the stress, and the surface con-
ditioned to resist wear,

Carburising. There are three main
methods in use, one of which, the active
salt-bath, is not suitable for model
engineer's uses as it involves molten
cyanide salts, which are lethally
poisonous. In industry the next most
common method is BOX CARBURISING.
This involves the setting of the work in a
heavy welded steel box filled with a car-
burising material. The lids are sealed or
“luted” with fireclay. The compound used
is specially formulated; largely charcoal,
but with additives to increase its
effectiveness. Heating times are of the
order of six hours or so. For our small
parts nothing so elaborate is needed. |
have used stout tin boxes — they last for
two or three heats — or a piece of steel
pipe (not galvanised) with one end fitted
with a screwed plug and the other sealed
with fireclay. (Note, fireCLAY, not firece-
ment, which will set hard; obtainable from
most builder's merchants), The carburis-
ing element is charcoal, but this, by itself,
is slow acting. An “Activator’ must be
added and Sodium Carbonate {not Bicar-

66

bonate) is the most easily obtainable. Aciq
about 1% by weight to the charcoal an
mix it thoroughly. Alternatively you can
add some of the “Open Hearth"
compound, “Kasenit No. 17, which | sha|
be mentioning later. About 5% will suffica
Other materials can be used — | have
successfully casehardened using old
leather bootlaces wrapped round the
metal, for example! Presumably the
tanning process provided an activator!

The work must be completely surroun
ded by the compound, which should be
packed down hard. The lid must be sealed
against ingress of air. It is then heated 1o
between 880°C and 920°C for a length
of time which is determined by the depth
of case required. The first hour will
penetrate about 0.008 inch and a case
depth of 1/16 inch may be reached after
seven hours. (This assumes we are casing
mild steell. For model engineer’'s work &
depth of 0.008 inch should be adequate.
and a one-hour heat will be long enough:
any greater depth of case may enforce a
subsequent grinding operation. Note that
these times are times AT the carburising
temperature, and you must allow some
extra for bringing up the temperature.

The box is allowed to cool, and this can
be outside the fumace if no subseguent
machining is required. The parts can then
be taken out — and here it is worth
suggesting the inclusion of a blank test

Fig. 3B Thiz case-hardensd o'
has had & fat ground on e 5E
arnd fas then been erchwd o show
thie hprdrndd case.

gce. This can be reheated and quenched
jcheck that sufficient hardness has been
gached. | use a piece of round bar and
nd off the side to form a flat after
ganching. This is etched with 25% nitric
gid in water and, as seen in Fig. 38, the
pth of case is guite visible, This is, of
purse, magnified by the “circularity” of
he specimen; the actual thickness CAN
he calculated if you like, but | am, as a
yle, content if the test shows the case 10
be “adequate!” Any “part-machining” can
: ‘be done,

L We next have to harden the case, but
jecasionally a further operation may be
@sirable. We have held the metal well
8 its critical temperature for quite a
while — longer than we might for heat
freating a carbon steel. This may have
gaused some coarsening of the grain. This
will not be senous if the time was an hour
or less, but if longer it can be worth atten-
ding to. If the box was heated for 3 hours
ior more | would always refine the grain
jize before hardening. This refining is
jone by heating to a temperature which

!
i | et

on the carbon content of the
':-':zl al steel as under:

% Carbon 01 02 03 04
Temperature °C 910 890 870 860

- Heat for the regular “one hour per inch
of thickness” and then quench in oil at
Bbout 30°C. This is NOT a hardening
process, but solely directed to reducing
the grain size of the core. In fact, with very
mild steel (below 0.1% carbon) air cooling
Will suffice and there is no need to
Quench.

. The component is then brought up to
#B0-7B0°C. The heating time is short, as
e are concerned only with the case; a
BW minutes is enough, and the work is
then water-quenched. | have already
Femarked on the need for tempering.

Frankly, this is totally unnecessary for
cases of the thickness we need - and
seldom for thicker ones — but it is found
sometimes that surface crazing appears
duning the grinding operation, and normal
practice is to termper at about 150°C if
aexperience shows that this is likely.
Open-hearth Carburising. Closed box
carburising is seldom neaded for model
work, and even less often used, if only
because it requires the use of a muffie.
Though it can be done by setting the box
in an open fire; | have done this, and it is
quite effective, as the temperatures at this
stage are not all that critical. However,
surface hardening on the smith's hearth
has been used for well over a century, and
is more than adequate for thin cases. In
this process the metal is brought up to
about BOO°C (between 780 and B50) —
usually referred to as “bright red”. The
part is then covered with a special
compound, either by dipping or by rolling
it about, until the surface requiring har-
dening is completely covered. The
compound in contact with the metal
melts, and carbon is absorbed. The
process can be repeated several times if a
thicker case is needed. (A single “dip”
provides perhaps 0.002 to 0.003 inch).
The compound | have used for 50-odd
yvears is Kasenit No. 1. and it is readily
obtainable from model suppliers and even
from good ironmongers.

Some practitioners guench
immediately if no intermediate machining
is needed, but | prefer to reheat to
between 760 and BOO®C. | always use
plain water, though brine is permissible.
No grain refining is needed. The resulting
case will be very hard — some would say it
is harder than with box carburising, but it
is very thin. | seldom use less than two
applications and often three or four, but |
have yet to find a case which was not
thick enough for the purpose intended.
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Naturally, if intermediate machining is
required it is necessary to allow the work
to cool. This can be allowed in air, but |
usually clap a piece of firebrick on top to
reduce the rate slightly. It is not critical at
all: indeed, there is little that is critical
about the whole process though naturally
the more carefully the temperatures are
observed the better the results. An
occasional problem is scaling. However,
we are dealing with a MILD (or at most,
medium carbon) steel and there is no
need in this case to heat slowly. When
carburising it is only the skin that is
affected anyway. It is not possible to use
anti-scale paint. nor a salt-bath, but for-
tunately the compound itself does have
anti-scale properties. It is, of course, only
prudent to remove any existing scale from
black bar (if one needs to harden such)
before starting. There is, of course, no
reason why you should not heat the metal
in a little box surrounded by the
compound. | have done this occasionally,
when | have a number of very small parts
to deal with at once. |t saves time. You do
have to be sure that the contents are up to
temperature, of course. and you should
use a “thin" {shallow) box for that reason.
But such a procedure does rather spoil the
innate simplicity of open-hearth carburis-
ing. and you are unlikely to get better
results by using a box. It is, occasionally,
more convenient, that is all.

Now and then there may be difficulties
in applying the compound — on a ratchet
wheel, for example — to be sure that it
works on the desired faces. The
compound can be wetted with water and
applied as a paste. It is then heated very
gently to dry out, after which the proce-
dure is as described above. There are
situations where secondary machining
might be needed with box carburising but
can be avoided with the open hearth
method. A screw thread, for example, can
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be protected from the action of the
compound by wrapping wire or shim sieg|
round it. Tapped holes can be plugge;
with a screw, and plain holes by inserting
plugs. And, of course, if all you need 1
harden is the face of a tappet or the end o
a tool it is easy enough to devise means 1,
restrict the application of compound only
to that particular spot.

Steels for casehardening. Any “straigh:
carbon steel can be carburised — you can,
if circumstiances require it, carburise silver

steel! As a rule, however, the process |5

normally applied to the low-carbon “mild’
steels or. at most, to those with carbon
contents below 0.3%. Free-cutting steels
can occasionally present problems — the
inclusions which provide the free-cutting
qualities may cause surface crazing. |
would not advise box carburising these
materials, but have successfully surface
hardened them by the open-hearth
method. Steels specifically designed for
[box) casehardening are available, These
usually contain about 1% of Nickel, the
object being to reduce the grain growth
during the prolonged heating. Straight
carbon steels intended specifically for
casehardening by either process are En
32C (080OM15 in BS870/1972) which is
0.15% carbon, 0.8% manganese, and En
21 (130M15) which is 0.15% carbon
1.3% manganese; somewhat stronger ol
40 ton/sq.in tensile strength.

Alloy steels should not be casehardened
without detailed heat treatment specifica-
tions from the makers. All such steels are
“heat treatable”” and you may well set up
adverse conditions during the carburising
process if you do not get the temperatur?®
right. Never try to caseharden scrap stee!
or offcuts from the machine-shop skip
They may be anything, from low grade
steel for making decorative handrails o
chrome-nickel-molybdenum-titaniu
alloy! On the other hand, wrought iror

asily identifiable by the spark test)
ssehardens beautifully, and you CAN
sgeharden cast iron! Obviously you must
ave regard to the shape of the casting —
mplex outlines may crack in the quench,
t hardening the end of a plunger or even
e-rocker presents no problems.

gamples. Fig. 39 shows a few examples.
pp left is a ball-joint made to replace
we carburettor control on an ancient
or-car, Bright drawn hexagon bar was
jsed  and finish machined completely
efore hardening. The thread was
srotected with thin iron wire and whiten-
ng. and only the ball end was dipped in
tasenit No. 1. It was quenched direct
after the second application. Centre top is
e crankshaft for a mode! steam engine
he “Williamson”) with a hardened
srankpin. In this case the bearing surface
vas finished to dimension, but the stem
yhich fits into the web was left 1/32 inch
aversize. The waorkpiece was not parted
ff from the stock at this stage. The
paring was given the Kasenit treatment
Wwice, being dipped into the compound
nly sufficiently to cover it. After cooling
ly the rest of the machining was com-

Flg. 39 Casehardening L 1o R,
Sk Fival pin; engine crank, large
MCial tap. Bortom; deilling fig; ves
1 _:mﬁ wie specil form-

pleted and parted off, after which the
flanged end was finished. It was then
reheated and quenched. There was no
difficulty at all in riveting the spigot on
assembly.

Top right is a different situation. This is
a tap needed for finishing the internal
threads of the boxwood chucks used on
my Holtzapffel lathe. The cost of a length
of silver steel this size would be prohibi-
tive for the amount of work it has to do.
Further, there would have been some risk
of cracking even if great care were taken,
as the threads have sharp roots and a fine
angle of 50°. It was made of black mild
steel (ie. hot rolled, not bright drawn) so
that there was no need to normalise it
first. It was given a single treatment with
Kasenit No. 1 and quenched directly, The
cutting edges were very lightly stoned
afterwards. It has served its purpose with
no difficulties.

Bottom feft is a drilling jig for some
cylinder covers and the associated cylin-
ders, the number going through the shop
justifying the use of jigs. It was made from
Bright Drawn steel which was first nor-
malised before machining. It was
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carburised for 30 minutes in a tobacco tin
using a mixture of charcoal and Kasenit
No. 1 compound. This was done to ensure
that the inner surface of the holes was
hardened. Bottom centre is the grooved
jaw for a drilling vice, which was
casehardened “open hearth”, the pan
being laid, face down, in a tray of
compound. Three doses were applied.
There was a little scaling on the back, and
just a very little distortion, It would have
been wiser to normalise it before machin-
ing (BDMS was used) but the fault was
not sufficient to warrant the making of
another.

Bottom right is an example of a special
farm tool. This was made from mild steel
for no other reason than that | had no
high-carbon of the right size and only a
limited stock of a size which could be
machined down. This was given doses of
Kasenit No. 1, allowed to cool, and then
reheated and quenched. The compound
was applied only to the tool tip. The result
was outstanding. The case was thick
enough to permit light stoning of the top
face to give a sharp edge, and the perfor-
mance (ornamentally turming gritty hard-
woods) surprising. As no tempering was
needed the cutting edge was harder than
could have been obtained with a con-
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ventional tool steel. And contrary 1o
supposition, such tools have a harder time
turning these exotic woods than when
turning most metals, for the only route for
the escape of the heat is through the tog|
— and, of course, no coolant can be used.

Conclusion. Casehardening is not a sub-
stitute for through hardening with a high
carbon steel, but a process which earns j1s
place from its very nature. We can design
a component in material which provides
the strength, fatigue resistance, or other
property needed and then surface harden
it to give the required wear resistance. The
nature of the process is such that selective
hardening can readily be applied, and the
risk of cracking is very much reduced. Uss
of the open hearth method gives quite
adequate thickness of case for our
purposes and is much quicker than
through hardening, with the need for sub-
sequent tempering adding to the time
taken. At the same time, casehardening
can be used for such things as lathe tools
etc. if circumstances demand. One final
point is worth making. There is often no
real need to harden a rubbing surface, bur
if it IS hardened and polished the friction
loss will be reduced. The almost glass
hard surface produced by casehardening
is a real advantage in all such applications.

|

CHAPTER 7

Processes

(1) Annealing, Normalising, and Stress
Relieving. These three processes are often
confused. They are carried out in similar
'ways, but the three purposes are different.
‘Annealing is the softening of steel pre-
-:. ously hardened, whether by heat treat-
“ment or by cold working. Normalising is a
‘process where the internal structure of the
el is restored 1o "normal” after some
‘previous operation - say forging. Stress
‘Relief is. as its name implies, the release
‘of stresses which may have been locked
p in the steel, either by heat treatment or
cold forming. "Tempering ' is a special
form of stress relieving, We will deal with
these processes in turn.

“Annealing. The steel will be Martensitic
In structure and it is necessary to change
this to one containing pearlite and either
ferrite or cementite, as it would have been
lhad the steel been cooled slowly from the
Initial austenitic state. This means that we
‘must first bring it to a temperature high
‘Enough to ensure that the steel is above
T e transformation temperature, and then
‘ool it at a rate that will allow the trans-
formation to pearlite.

e
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ther Heat Treatment

In the case of low carbon and medium
carbon stesls (below 0.85%) this will be
about 30°C above the upper critical, but
for higher carbon content a temperature
somewhat above the lower critical will
suffice. The recommended figures are
given in the table below. (See also Fig. 41),
In each case the higher temperature
relates to the lower carbon content. None
is critical to within + 10°C.

The metal must be heated slowly and
then ‘“'soaked’” at the annealing
temperature for one hour per inch of
thickness — in the case of rectangular
sections the smaller dimension is taken. It
should then be cooled as slowly as can be
contrived. If heated in a muffle with a
good heat insulation to the chamber it
may be allowed to cool down in the
furnace. Otherwise it must be set in hot
ashes or some similar material which will
retain the heat. Thin, flat. sections can be
cooled between two pre-heated insulating
bricks. The higher the carbon content the
maore important is the slow rate of cooling.
For “mild” steel the piece may be cooled
in air once it has dropped to around

“Silver

0.7-0.9 Above 0.9 Steal”

920-900 870-830 850-800 820-780 BOO-780 730-760 770°C

ik



Fig. 40 FEiongation of the grains of stesl coused by
mechanical forming processes.

400°C, but it is inadvisable to quench it
gven from a low temperature. Note that
work must be fully preheated before
immersing in a salt-bath for annealing.
Annealing high speed steel is a chancy
business for the amateur, especially as
any subsequent hardening may well be
beyond the capabilities of the equipment
available. However, if such an operation
must be carried out the piece should be
heated VERY slowly to B50°C, heid there
for one hour per HALF-inch of section, and
cooled very slowly indeed; a muffle
furnace is almost essential, and the
cooling can be best effected by
pragressively reducing the power input
until it has fallen to around 550°C before
turning it off completely.
Mormalising. After forging or rolling a
metal the natural shape ofthe "grains will
be distorted — see Fig. 40. The situation
may be aven worse if some of the forging
or {eg.) bending has been done at below
the proper forging temperatures or when
the steel is bright-drawn,; To reform and
refine the grain structure it is again
necessary to reheat to above the critical
temperatures but to a rather higher
degree than is needed for annealing.
especially for the high carbon steels.
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These must be taken right up into the fu|
austenitic region. Fortunately tool steels
seldom require normalising, which g
needed chiefly to improve the
machineability of medium and low carbaon
{and alloy) steels. The following table
shows recommended temperatures.

Carbon % 01 02 03 04 06

Temp, °C 920 900 880 BG60 B840
o8 1.0 1.1 1.2
820 830 900 925
10°C up or down from these

temperatures will serve. The temperature
must be maintained, as in the case of
annealing, for one hour per inch of
section, and the cooling must, again, be
slow.

Fig. 41 shows the annealing and nor-
malising range on the iron-carbon diagram
Stress Relief. Certain manufacturing
processes induce considerable siresses
within the metal, in particular cold
drawing and welding. The former sets the
surface skin under compression and there
may be a locked-up tensile stress in the
core. The result is that when any part of
the surface is removed symmaetry is lost
and the shape will distort, In welding, par
of the metal is brought up to very high
temperatures indeed and differential con-
traction between this and the cold or
relative cold parts can induce stresses -
often sufficient to distort during the actual
welding. The degree of stress relief
needed is different in the two cases. Cold
drawn or cold rolled steel may be relieved
sufficiently to prevent distortion during
machining by heating to between 400°C
and 500°C and allowing the part to cool
im air. It is important that you ensure even
heating. otherwise the last state may be
worse than the first due to thermal expan-
sion differences. For welded components

30-40°=C.

ANNEALING
RANGE.

25°C.

!;]_‘-1.41 Approximaie annesiing and normalising temperaiuce ranges superimposed on the iran-carbon equiiiteium disgram. This
can b uged in conjunction with fig. 13 & no definite dats are avaiiable.

| am referring to the small parts used in
models, not to home-made bridges or
radio masts!) it is best to give a full anneal
as the condition in the vicinity of the weld
I8 quite unknown.

Parts which have been heat treated
will, of course, be under considerable
_i‘mnrnn,rstalline strain = this is part of the
hardening process. The subsequent
tempering process is a form of stress

- relief, even though in this case we also

aim at some controlled transformation as
well,

(1) Scaling. In all the above processes
some surface scaling is to be expected,

- and this can be a nuisance. It can be pre-

vented by the use of anti-scale paint,

binding with wire and encasing in whiting,
or by the use of charcoal in the muffle if
the latter is used. However, for small parts
an ingenious method is described in some
early books. The parts to be heated are set
in a box filled with slaked lime (builder's
lime”) mixed with up to 5% of charcoal.
The latter absorbs any oxygen present, but
is not sufficient to cause any carburising.
Another such recipe suggests the use of
fine cast-iron turnings as the packing
medium. The former method does work,
but the heat insulating properties of the
lime enforce a long heating time.

{2) Rehardening. In the course of time
tools may be reground so far that the tip is
brought back into the more deeply
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tempered region. This applies especially to
woodwaorking tools, but cold chisels and
scrapers suffer in the same way and it can
apply to sliderest tools as well. When this
happens there is no option but to
reharden. It might be thought that it
would be necessary only to reheat,
quench, and temper again. This is well
enough with "coarse” tools made from
relatively low carbon steel: | treat my
pickaxe, wrecking bar, and similar tools in
that way. But if you try to reharden a high-
carbon steel tool in this fashion the results
will, at best, be disappointing and you
may find that the tool cracks. We must
restore the metal to the condition it was
before the initial hardening process was
carried out, and this means that it should
be fully annealed first. | have already dealt
with the process and there is no need to
repeat it. However, | can add a refine-
ment. If the tool of some importance is to
be rehardened it will pay to re-temper to
about 300°C before commencing the
annealing process. This will effect an
almost complete stress relief to the
structure and | have never had a tool crack
when this procedure has been followed. |
recommand it strongly for those tools
where there is considerable difference
between the temper in the shank and in
the point. It is only necessary 1o heat up
very gently to "blue”, allow it to cool just a
little, and then to proceed with the full
annealing heat.

(3) Hardening Ornamental Tools. The
“Omamental” turner has a8 problem not
met with in most other types of turning.
The art comprises the cutting of fairly
deep patterns on the surface of work pre-
viously turned by normal methods to an
acceptable shape. The final effect depends
entirely on the reflection of light from the
multitude of facets so formed — and with
well executed work almost dazzling reflec-
tions can be seen on a wood like Ebony.
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His problem is twofold. First, there is NO
means whereby the incised decoration
can be polished. The surface must be
reflective with "tool finish”. This surface
finish can never be better than the finish
on the tool, and for this reason the
sharpening of the tool is taken to what
might appear to be extreme limits. After
forming with normal grinding methods
and a fine India stone the surface is
“rough polished” using hard Arkansas
stone, the tool being held in a special jig
(the “Goniostat”') which ensures that both
the cutting angle and the “pattern angle”
are accurately formed. It is then lapped
using the finest vilstone dust on a brass
lap, and finally polished (still using the
goniostat) en an iron lap with jewellers
rouge. The problem is that modern tool
steels will not give the refined grain size
which was normal with the steel used
when the art was being developed, and
the common complaint is that “the steel
won't take the polish™.

The second difficulty is that such a tool
may have to make three or four hundred
“euts” each at a different setting of the
apparatus. It is quite impossible to remove
it for sharpening once the process has
started. As previously mentioned, the only
route by which the heat of cutting can
escape is through the tool; the workpieces
are very good heat insulators. This means
that the tool must remain sharp and.
hence, hard over a long period — and any
loss of sharpness can be fatal to the
egffectiveness of the work. These two
requirements, finest grain size and
maximum hardness, cannot be achieved
with the normal carbon tool steels (and
even less so with high-speed steel). It IS
possible to achieve the hardness required
by using a file steel. After annealing at
about 770°C l(and on no account above
790°C) the tool can be hardened from
760°C/780°C and quenched in brine. The

subsequent tempering should be as mild
‘as possible at the point — | do no more
‘than boil in water for half an hour for
‘cutting frame tools, but sliderest tools
~must be tempered at least to straw in the
“shank.
~ Alternatively. with “Silver Steel” a
‘grain refining process can be carried out,
“and this will give quite satisfactory results
= aven if the purists will say “"Still not as
‘good as a genuine Holtzapffal”|
After machining the piece to the

‘required section and rough foerming the
‘necked end (if any) heat to between
- 820°C and 850°C for one hour per inch
“of section. In the case of tools with the
'9/16 inch square shanks the “ruling
“gaction” is the inch or so behind the point.
‘Quench in oil at about 20-25°C. The
‘working end may now be ground -
‘earefully — almost to finish size, but in the
“case of the heavy sliderest tools 1/32 inch
should be left on. Reheat slowly again, but
to 760-770°C only, and quench in brine
at 15-20°C. Temper immediately to not
" more than 150°C for at least 30 minutes,
~and then "let down'' the shank of sliderest
‘tools with the actual cutting point kept
“cool in water. At this temper very little, if
“any, of the hardness will be lost, but the
“hardening stresses will have been
relieved. The metal will have a very fine
_grain and be as hard as possible.

(4) Heat Treatment of Medium Carbon
Steel. So far we have been considering
the “hardening” of steel to make cutting
tools and the like, but there are many

other cases where some form of heat

=

~ treatment will improve the quality of the

material in other directions. Indeed, by far
‘the greatest amount of heat treatment in
industry is directed to this end.

If you refer back to Fig. 13 [and,
perhaps, refresh your memory from the
“associated text!) you will see that (say)
0.4 carbon steel under normal (ie. stowly

cooled) conditions consists of grains of
pearlite surrounded by ferrite; a tough
material set in a matrix of soft material.
The resulting steel is fairly tough and
strong — "better’ (for some purposes)
than mild steel. Suppose, now that we
were to quench this steel from a high
temperature ! There is insufficient carbon
present for total transformation into the
form of iron carbide we know as Marten-
site, so that the structure will, in effect, be
that of hard Martensite “diluted” with
ferrite, It will possess some of the
character of a high-carbon steel [hardness
and toughness) and some of those
associated with “"mild” or low-carbon
steel: ductility and softness. Further, we
can temper the steel. This has a consider-
able effect, as in the case of high carbon
steel, and in this case the selection of the
best temperature is the most important
part of the treatment. The mixture of
tempered Martensite and ferrite crystals
can be adjusted to give higher strength,
high yield point, better impact resistance,
and so on. Fig. 41 shows the effect on a
typical 0.4% carbon steel, and you will
notice that there is a dip in the Impact
resistance (lzod Impact Test) in the middle
tempering range. This need not worry you
too much, as it is still considerably higher
than that of the unheat-treated steel.

To give an example, let us consider our
old friend EN8. (OBOMA40 in the BS 870
1972 nomenclature) In the normalised
condition typical properties would be 38
T/sq.in. UTS; 27 T/sq.in Yield; Elongation
{ductility) 28% and an lzod impact
resistance figure of 15-17 ft.lb. The metal
is Austenised by heating to 830-860°C
for 1 hour/inch, and then quenched in oil.
The tempering temperature must then be
selected according to the properties we
need. For maximum toughness and the
most arduous fatigue and shock loading
conditions this would be between 550
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and 650°C and then air cooled. (Note that
tempering salt will not operate at this
figure and the work must be done in a
mufflel. At 600°C the UTS would be
around 42 T/sq.in, Yield point about 28 T/
sq.in, Elongation perhaps 29% - not a
great change. But the impact resistance
has gone up to 80 frlb — around four
times as great as before. The fatigue
resistance also will be improved. If we
tempered at 400°C we would raise the
UTS to about 50 T/sq.in, but both ductility
and shock resistance would be less -
though still better than that of the nor-

malised steel.

For completion, the normalising
temperature is 840-860°C, but if you
have ENB which is bright drawn from the
Oil Hardened and Tempered caondition
(O.H.&T. in the stockholder’s list) it is, in
fact, in about its toughest condition, with
a yield point of around 46T/sq.in. and an
Izod figure of about B0. You are not likely
to baetter this. However, most ENB is
supplied to model engineers in the bright
drawn state with no heat treatment, and
normalising may be prudent before
working on it.

Fig. 42 The influence of tarmpening temparatures-on the properties of a typical 0.4% carbon steed after ol quenciung from sout
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Similar treatment can be carried out on
most all steel with a carbon content
ove 0.29%. But it is MOST important
hat you know exactly what material you
reating and what treatment to give it.
pfortunately most firms now send their
prk out to specialists and published data
§ hard to come by. If the steel can be
entified with an “SAE number” (Society
f Automotive Engineers, USA) then
ither the SAE “Handbook™ or
Machinery's Handbook™ can give some
gidance. The problem for the model
igineer is in selecting the required
mpering temperature. It is on this, rather
: the initial quench, that the final
pperties depend, and if a range of
mpering temperatures is offered this
fesents a puzzle. Perhaps you might
nk it safe to work at the midpoint of the
ange. but in the absence of specific data
3u cannot be sure of what properties you
i@ improving. So, for any heat treatment
fimedium carbon or alloy steel it is best
ther to do nothing, or to go to the
untain head. The makers of the steel can
ive you chapter and verse, and if you give
British Steal Corporation the
iecification number and the application
U have in mind they should be able to
Pvide you with detailed figures both for
itial heat and for tempering. It is for-
Inate that most of our work does not
eed high tensile or high impact values —
id | hope that the data | have given for
Ir old friend ENB will help where some-
ling better than "BDMS™ is needed.
| should, perhaps, add a final note. The
BS970/1955, with its ""EN'*
imbers, was replaced in 1972 with a
aw, and far more logical, specification
ference. (The number itself, in most
3585, tells us the carbon content). Details
} given in “"Model Engineer’s

. means Engineering Number)

Handbook™ and in App.3, and | would
strongly recommend that you start using
these new numbers — not least because
steel is just not being made to some of the
old EN numbers any more. (This includes
a favourite of mine — 3% Nickel steel
EN21!) The “new" British Specification
has been in use now for over 10 years,
after all.

{5) Coil Springs. We make the majority of
our coil springs from wire which is already
hardened and tempered. The act of coiling
them round the mandrel stresses these
beyond the elastic limit (the springmaker’s
term for this is “scragging”!l and this
actually improves the strength of the
material. However, there are occasions
when this is just not possible — the gauge
of wire is too thick for the diameter of the
mandrel. In these circumstances it is
necessary to soften (anneal) the wire,
wind the spring, and then harden and
temper again. Unfortunately we seldom
have details of the steel of which the wire
is made. It may lie between 1.0% carbon,
0.4% manganese, and 0.7% carbon, 0.B%
manganese. It should be annealed at
about 7B0°C; this is not critical, but the
small mass of the wire does mean that
some care must be taken over the cooling.
This wire can air-cool fast enough to re-
harden. The spring can then be wound,
and | suggest that you allow either for
subsequent stretching or compression to
"scrag” the spring after heat treatment.
Close-coil the ends and either flatten them
on the grinder or form the loop, as
required, at this stage.

Direct hardening with a flame is most
unwise, There is risk of getting some part
too hot and it is impossible to be sure of
even heating. Set the spring or springs
inside a steel or copper tube and heat this
to 780°C from the outside as evenly as
you can. The springs can then be tipped
into the oil-bath — there is no need to
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agitate for so small a mass of metal and
the spring falling to the bottom will be suf-
ficient. You must now be very careful, for
at this stage the spring will be very brittle
indeed — | have known fine ones even
break under their own weight.

The tempering does present difficulties.
It is almost impossible to use the “colour”
indication, as any attempt to polish the
spring may result in breakage. The
required temperature is quite high — 300-
310°C — well above the limit either for the
domestic oven or for boiling in oil
“"Blazing off”, referred to earlier, is fre-
quently resorted to. With experience (or
prior experiment) it is effective, but let me
repeat that the flash-point {or even the fire
point} of the oil has nothing to do with the
tempering temperature; this depends
entirely on how much oil is retained on the
spring. If there is not enough to bring the
wire up to 300°C then the process must
be repeated, and repeated immediately.
Only a trial can tell whether it is
necessary. However, it does work, and the
procedure is to extract the spring from the
quenching oil and then hold it in the flame
of the spirit lamp until the oil ignites; as
soon as it does so move it further from the
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spirit flame and allow the oil to burn away
Quench in oil when the flame goes out
and then repeat if necessary, as it almost
certainly will be for heavy gauge wire. It is
almost essential to make a trial spring f
this procedure is 1o be adopted.

The salt bath is the ideal method, of
course. This gives absolute control and if a
little wire “spray” — like an umbrella
upside down which has lost its cover — s
made a number of springs can be
tempered at once. There is no need fo
quench from the salt bath, but once the
spring has cooled somewhat it can be
immersed in hot water to remove the salt
adhering to it.

An alternative is the sand-bath, 2
process which can be very effective for
leaf springs. The bed should be fairly deep
and kept turned about as it is heated. A
test piece of similar bright steel is set on
the sand {a piece of the same spring
material is best) and as soon as the
temper colour appears on this the springs
can be arranged in the bed and hot sand
heaped over, the heating lamp or torch
being removed at the same time. Sand 15
not a very good conductor, so that amplé
timea must be allowed.

B6) Austempering and Martempering.
hese are fairly advanced methods of heat
rgatment, much used in industry. Mar-
gmpering is of little use to the model
*, ineer, but Austempering can help,
gspecially with the case we have just been
ussing — the heat treatment of small
gprings. The process can best be under-
stood by reference to a few diagrams. Fig.
43 shows the normal process of
uenching and tempering, displayed on an
5" curve. The tempering period is not, of
gourse, in any way connected with the
ime scale of the "S”, because the trans-
jormations which occur are not the same
@s those within the "S". The diagram
sho a high temperature temper, as
might be used for a spring, and the
material will end up as tempered Marten-
site; strong, tough, but not as hard as is
needed for cutting tools.

" In Fig. 44 the steel is quenched from

e
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a similar high temperature, but in a hot
salt bath, somewhere between 280°C
and 330°C, not cold water. The
guenching temperature is higher than that
8t which the Martensite forms, and the
fransformation occurs along a line of

constant temperature, as it passes
through the two borders of the "S", After
a time which depends on the period A-B.
and the size of the work it is removed from
the hot tempering bath and allowed to
cool naturally in air. For silver steel the
time for “spring temper” would be 16
minutes at around 320°C and 25 minutes
at 300°C. The time increases markedly at
lower temperatures — 45 minutes ‘at
275°C and 2 hours at 250°C. No harm
will be caused by slightly longer periods.
The end result is not tempered Martensite,
but a new structure (called Bainite, but
don’t let that worry you — it doesn’t matter
at all) which has very similar properties.
The great advantage of this method is that
there is no thermal shock during transfor-
mation to Martensite (or Bainite in this
casel] as there is with conventional
quenching. Almost all commercially made
springs — and such things as roll-pins and
the like — are Austempered in this way.
The Martempering process is shown in
Fig. 45, just for explanation, as its main
use is when heat treating very thick or
massive components. The piece is
guenched from the high temperature in a

Fig. 44 “Austempering” or consrant temparature transtarnation. Tharmal shoek iz slinminated and no lempuring I8 nésdod
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salt bath as before, but instead of remain-
ing there for transformation it is taken out
as soon as it has reached the temper bath
temperature and allowed to cool in air. It
is subsequently tempered. The advantage
over the conventional method is a reduc-
tion in the risk of distortion. There are no
advantages to be gained for model
engineers, as even the heaviest of our
workpieces would be regarded as “tiddly

bits'" in industry, and would be
Austempered.
The procedure (say as applied to

springs] for Austempering to heat to a
somewhat higher figure initially, say
900°C. The salt bath is prepared and
brought up to the same lemperature as
would be needed for normal tempering —
300°C for a spring. As soon as the
workpiece has been “soaked” for the
necessary length of time it is very guickly
— with the absolute minimum of delay-
transferred 1o the hot salt bath. It is left
there for a length of time which depends
both on the type of steel and its thickness;
20 minutes will suffice for even the
heaviest spring, and 30 minutes is all that
would be needed of heat treating even a

large crankpin in ENB. In this latter cass
however, do remember that the maximum,
working temperature for a tempering sal
bath is 500°C, and unfortunately voy
cannot quench the piece by setting it in 3
muffle furnace! However, most steels wil|
give good heat treated conditions at this
temper.

A few practical notes. First, this is 3
Heat Treating process, not a tool
hardening one, At Austempering
temperatures below about 280°C the
time required for the transformation
increases quite quickly, and might be as
long as an hour at 250°C. For Austemper-
ing pieces requiring a higher temperature
than can be achieved with the salt a lead
bath may be used (lead melts at abouw
330°C). The high temperature salt bath
can be used for initial heating if desired
and no harm will result from the carry-
over of this salt into the tempering bath
However, it is most impeortant that no
LOW temperature salt ever gets into the
high temperature bath; as detailed in
“Safety Precautions” a rather serious
reaction can occur. Naturally, the high
temperature salt will solidify at the

Fig. 45 "Martarmpering " This process is uzed for large ar complex work where freedom from distortion is important. The won
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pmpering temperature and will collect in
e bottom of the bath. This should be
oved from time to time, but for the
iount we use it is, perhaps, best to
1 the tempering bath altogether
ien so much H.T.salt has set in the bath
bottom as to interfere with heating.
As | remarked at the beginning, these

gre specialist processes, and do need a
hot quenching bath. Model engineers
gave managed without them for almost
00 years, so that you need not worry
shout deciding to ignore them ! However,
f you HAVE got the equipment and the
gad or salt, then it is worth a few experi-
nents, especially if you make springs (leaf
coil) in any quantity. The process is
deal for small, complex parts made from
medium carbon steel, which might distort
fdealt with in the conventional manner.
'.:‘5: Cosmatic Heat Treatment. Not all
fgat treatment is done for strength,
hardness, or other mechanical properties.
it can be applied both to help resist corro-
sion, and — especially in instruments and
plocks — for sheer decoration. In maodel
Work we may need to simulate the “as
forged” condition, especially when the
prototype is an early one.
Heat Blueing of steel lor “Browning” as
the gunsmiths call it) is relatively easy — it
I8 only necessary to heat the component
10 just over 300°C. However, the results
will be less than satisfactory unless the
preparatory work is well done. In the case
Where the part is to simulate “fine
forgework”™ on the prototype it is a
mistake to work for a polished finish. The
Burface should be fine matt, as produced
iy a rotary motion of an abrasive, the
yrade depending on the size of the part.
¥he important point is to ensure that the
._r"ﬂl.':E. once prepared, is free from oil and
Brease and especially fingerprints. The
atter will show up distressingly clearly
After the heat treatment. Chemical
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degreasing should be followed by washing
with hot detergent and water, and then air
dried, after which it should be handled
only with clean tissue paper; the “acid
free” grade used by jewellers is best. A
spirit lamp is best for small parts: larger
may be heated in a sand bed or in one of
the improvised muffles already referred to.
Direct heating with a torch flame is
unwise, as it is difficult 10 get even
heating.

More decorative parts, as for screws in
clocks and parts of instruments, or even
clock hands, must be highly polished first,
fine emery followed by polishing paper,
until the finish is satisfactory. In this case
there are differences of opinion; some
hold that the final strokes of the polisher
should be "in line” (or, for screwheads,
done in the lathe] others hold that a
random effect is more pleasing. You must
try both and see which suits you best. It IS
a matter of taste.

In all cases after heating to blue the
parts are quenched in oil; not for any
metallurgical reason, but because this
provides quite an effective rust-proofing.
The combination of the oxide layer and
the oil seems to repel corrosive fumes. As
to colour, this has to be watched fairly
carefully, as the "tints” of blue follow very
closely, However, | find that for workshop
tackle (which | "blue” for preservation
rather than appearancel a shade of deep
brown is not unpleasing, whilst many of
my very early 19th century tools are straw
coloured. They are not carbon stesl
temperaed, but look as if thay have been s0
treated.

Blacksmith's Oxide is very difficult 1o
simulate. This hard, corrosion resistant
surface is the result (in full size} of some
time at forging heat (1000°C) coupled
with forge working. If a piece of mild steel
is held at this temperature for any length
of time some grain growth is inevitable. It
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doesn’t matter if the piece /5 being forged,
as this will correct matters, but it is
difficult to do this with mode! parts. If it is
practicable. the following procedure will
give tolerable results. Arrange the
manufacturing programme so that any
parts which matter (eg. the journals and
crankpins of a crankshaft) can be
machined after the heat blacking is done.
Bring the “forged” part to size and heat to
bright red, giving a few light taps with a
flat hammer to "distress” the surface. Dip
in oil {don't quench right out] and again
reheat, just for a few moments. Repeat
the process, going up to bright red each
time. Once satisfied with the “finish", nor-
malise the steel as described on page 72
and then carry on with the machining,
taking care not to damage the finish.
Maturally if you can effect any actual
forging, so much the better.

(B) Forging. It is, perhaps, apposite to
deal with this now, having just remarked
on the difficulty of forging model compo-
nents! Most books on “Tempering & Har-
dening”’ published in the past lay great
stress on the forging of lathe and shaper
tools. This is very seldom done — or
needed — nowadays. Carbon steel tools
are used only when High Speed tools are
not available. Further, the size of tool we
now use is much smaller than obtained
even B0 years ago, when half-inch sgquare
shanks were common. Even a § in. square
piece of stock will barely hold the heat
long enough to give more than a couple of
hammer blows, and with 5/18 in., the
maore usual size these days, proper forging
is almost impossible. However, there is
the odd occasion when a tool must be
slightly cranked, or a fly-cutter needs
bending.

High carbon tool steel must be held to
fairly close temperature limits whilst
forging. At 0.7% carbon, as might be used
for a special screwdriver, the maximum is
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1050°C, and forging must stop when j
falls to about 800°C. These temperatures
can be used right up to about 1.0%.c. For
1.1% carbon and above, including silve,
steel, the temperature should be some
50°C lower, but the higher the carbop
content the more care must be taken 1y
avoid overheating. My experience is tha
with  in. square tools | can just get twg
blows in with the hammer before rehear.
ing is needed. | always give a full annesa)
before hardening after any but the very
lightest forging operation. Ordinary mild
steel can be forged much hotter — up
1250°C according to some authorities -
and is less subject to damage if forged
cool, though | would prefer to normalise if
much “black forging"” has been done. In al|
cases overheating can ruin the metal, and
carbon tool steel is especially at risk
There is no way in which a plece of over-
heated steel can be redeemed except by
melting it down.

For detailed instructions in the use of
blacksmiths’ tools the reader is referred 1o
one of the many books on "Wrough
Ironwaork” (though “iron” is seldom used
these days) — it is a specialist craft in its
own right. About the only use | make of
forging tool steel is to reduce squeare
section down to rectangular — less
wasteful than machining it — and this does
not call for anything mare than keeping an
eye on the temperature, Forging down the
end of a pickaxe or crowbar (about 0.8%
carbon) is easier, using a 5 |Ib. hammer.
though my anvil, at 56 Ib., is rather light
for such work,

(9) High Speed Steel. The hardening of
high-speed tool-steel is really beyond the
capacity of the majority of mode!
engineers. To begin with, there are con-
siderable wvariations in alloy contemt
ranging from 0.5% to 1.0% carbon, 0.5%
to 4.0% Chromium, O to 18% Tungsten
and some with 5% Cabalt — and they may

clude varying proportions of Molyb-
fenum and Vanadium as well. Each
amands its proper heat treatment and an
ipproximation is not good engugh — either
the tool will crack or it will not be hard
'_.'::-'a- gh.

- Second, the temperatures are high, with
ow initial heating to the range 780-
380°C followed by a fairly quick heating
p to 1200 or 1300°C depending on the
gnalysis. Most can then be cooled in air,
Wt some reguire a partial oil-guench
own to 500°C followed by air cooling.
Fempering must follow immediately, and
ggain there are wide variations in the
fequirements — in some cases tempering
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is done before the tool has cooled right
down — from perhaps 150°C. The typical
tempering temperature is about 550°C,
but in some cases, especially for tools
requiring considerable toughness [for
roughing work on castings etc) a second
tempering is carried out at (typically)
325°C,

The occasions when a high-speed tool
requires re-hardening are rare, and unless
the exact analysis is known, and the
workshop has precise temperature control
of the furnace, this work is best left to the
specialist. Even he will probably decline
the work unless the source, type, and
grade of metal is exactly known.
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CHAPTER 8

The Measurement of

Hardness

It is unlikely that many model engineers
will be concerned with the actual
measurement of hardness, but it is helpful
to know HOW it is done when faced with
one or other of the several "hardness
numbers” used. The main difficulty is in
deciding exactly what to measure, for
“"Hardness™ is not easy to put on a scale.
It is fair enough to say that steel which
breaks under 50 ton/sg.in. is “twice as
strong” as that which fails at 25 ton/sq.in.,
but we cannot be so definite with
hardness numbers.

Mineralogists define hardness as "the
ability to scratch” and use a scale called
"Moh's scale” on which Diamond, the
hardest, is No.10 and Talc (“French
Chalk") is softest at No.1. On this scale
Mild Steel would appear at No.6, and
hardened tool-steel at No.7 — not a very
big differencel A comparable test for
metals uses a standard “'scratcher” made
of diamond carrying a definite load which
is drawn acrass the surface of the metal.
Load is adjusted to make a “standard
width" of scratch, and this load is taken as
a measure of the hardness. This test is
now obsolete, but simple portable scratch
test outfits are still used for casual "on
site’” hardness testing.

24

The majority of hardness testing done
today depends on the resistance 1o
penetration of the metal. In the Brinell tes:
(Fig. 46) a hard steel ball, 10mm
diameter, is impressed on the specimen of
metal under a load of 3000 kilograms
labout 3 tons). The diameter of the
impression so formed is measured using a
microscope with an internal scale. From
this the surface area of the impression is
calculated, and the surface stress
obtained by dividing 3000kg by the area.
The result is the "Brinell Number”, which
is, of course, a “stress” indicated in
kilograms/sqg.mm. This test is limited to
about 500 Brinell number, as above this
figure the ball itself distorts. For harder
materials a wungsten carbide ball is used
while for soft materials the standard ball 15
used but the load is reduced = usually o
500 kg. — and a corresponding adjustment
made to the formula. The Brinell numbers
obtained agree within the standard limits.

The Rockwell hardness tester (Fig. 47!
also uses a spherical impressor, but made
from industrial diamond. However, the
method and principle of operation are
quite different. The indenter, with a radius
of 0.2mm, is first impressed into the
specimen under a load of 10kg.

:r _ 3. A8 A Srinell hardnes feting maching, (Courfesy Averys
S hpnison L i),

This ensures that it is firmly seated in
specimen and that the specimen is
‘secure on the supporting anvil. The dial
lindicating the depth of the impression is
'then zeroed. The "major” load, of 150kg
or the most usual tests, is then applied at
3 steady rate controlled by a mechanism
'within the machine. After a set time —
“about 5 seconds — the major load is with-
‘drawn. The dial then records the DEPTH
‘of the impression caused by the major
load and by this alone: there is no error
‘due to "spring” in the machine frame or
‘due to “settling down™ of the specimen.
'Unlike the Brinell, the Rockwell hardness
Is @ "number”, not a surface stress,
‘though the magnitude of this number can
‘be correlated with such a stress.

The Rockwell machine can be used
ith several types of indenter and with
‘several magnitudes of "major” load. For
hard steel, and unhardened high carbon or
“alloy steels, the "Rockwell C" scale is
‘used, but “"Rockwell B”, with a 1/16 in.
‘steel ball, is used for “mild” steels and
‘some non-ferrous alloys. The “A” scale is
wused for extremely hard specimens and for
‘thin, hard sheet material.

~ The advantage of the Rockwell test
‘over the Brinell is that there is no need to
‘measure the impression — the hardness
‘can be read directly; it is, therefore, pre-
ferred for "Production”™ testing. Further, as
‘the indenter can penetrate even hardened
‘Steel it can be used for materials beyond

s
Ferd

Hﬂ AT Hardness testing using 8 Rockwel fype maching, The
- apth of the impression is shown an the large dial indicator.
ICaurtesy Avery-Denisan Lid).

e S S LT ]

.
-
-
-
&
®
-
-
]
e
-
-
-
-
-
-
-

85



the range of the Brinell. The disadvantage
is that it is not “Absolute” — it is, really, a
hardness comparator and must be
recalibrated from time to time.

Both the above make a visible impres-
sion in the material. The Vickers Diamond
Pyramid (VDP) testing machine Fig. 48
uses a square based diamond pyramid as
the indenter, with an included angle of
136°. The applied load is usually 50kg,
but can be altered to suit special condi-
tions (eg. thin specimens or extra hard
material). If this is done the magnitude of
the load must be stated. The “across
corners  dimensions of the impression are
measured and tabulated values of "VDP
Hardness" (in kg/sq.mm.] derived from the
mean of the two. In the Vickers machine
the microscope is "built in” and the
specimen automatically registers for
observation of the impression. The test is
regarded as wvery accurate and, for-

B6

Fig. 48 4 Vickers typw hardness tester. This maching has
projector microscoape which hrows &0 enfarged view of rhy
rmpression on & scrgan, [Dowrtesy Avery-Cenison [t

tunately, the VDP numbers lie very close
to the Brinell hardness number, so that
“visualisation” is easier than with the
Rockwell scales. The main disadvantage
of the Vickers machine is that the impres-
sion is very small, so that special surface
preparation is required for really accurate
work. The Rockwell machine requires only
a 'good machine finish”. On the other
hand, the Vickers does not disfigure the
surface so much — the indentations are
hardly noticeable. All three tests require
the specimen to be brought to the
machine. Hardness figures quoted in
specifications and textbooks will all have
been made on fairly robust specimens, 1o
avoid any error due to specimen distartion
under load, and all are subject to a small
tolerance — generally a range of 1 or 2
digits on the Rockwell scale.

The Shore Scleroscope (Fig. 49) relies
on a different principle. It is found that if
specimens of reasonable size are used &
ball-ended hammer will bounce to a
degree which bears an almost linear
relationship to the hardness. The
Scleroscope 15 a portable hardness tester
in which a small diamond-faced stesi
plunger is drawn up to a height of 10
inches within a glass tube. It is held there
by a catch and, when released, falls on the
specimen and rebounds up the tube. The
amount of the rebound can be read from a
scale, The succession of operations s
automatically controlled by air-pressure
generated from a rubber ball. This is a very
useful instrument, and especially when
tests must be made in the works = it Is
axtensively used in steelworks for measur-
ing the hardness of rolls in the mill. It
leaves almost no impression at all, but

gare does have to be taken to avoid
bouncing the hammer on the same place
‘more than once, for the previous test will
‘have work-hardened the surface.

- The co-relation between Scleroscope
numbers and VDP or Rockwell and Brinell
}; fairly good, provided the Scleroscope
specimen was reasonably massive: the
“standards” provided with the instrument
are about one inch square x 2% inch long.
On very small pieces the specimen itself
may bounce a little on the support anvil
and this will cause a false reading. | have
one of these (as seen in Fig. 49) picked up
al an auction sale for a really silly price,
and find that it gives excellent
comparative figures when specimens are
all the same size, but until the tool is over
+ in. square the results tend to be low
when compared with tests done on the
same piece with a Vickers instrument.
Comparison of Hardness Numbers. The
choice of which test to use is often made
from considerations other than
“ecomparability”. The Brinell machine is
most often used for the softer grades of
steel, and has the advantage that there is
[for use on steel) a close relationship with
the tensile strength: a Brinell test may
often save the trouble of making a tensile
test specimen. As already remarked the
Rockwell test is quick, and much used in
production workshops. The Vickers
machine leaves very little evidence of its
use, and because it is very accurate at
high hardnesses it is naturally chosen for
tool steels etc. Both the Vickers and the
Brinell give the answer in kg/sq.mm. of
impression, and agree closely at low
hardness — below 220. With hard
materials the fact that the Brinell ball may

* Fig. 49 The author's Shore Scleroscops. This is a vary sarly
madel, and differs in detallfram thesa corrently used,

distort and the Vickers diamond will not
results in a divergence of the results. The
"Shore” hardness readings are compar-
able with other tests only when the test
specimen has a mass of at lsast one
pound (0.5kg), but its indications are
reliable when making comparisons — eg.
an increase from Shore 56 to 60 will
imply a rise of approximately 100 points
on the Vickers scale.

The table of comparisons given at the
end of the book is drawn from a set
prepared jointly by the American Society
for Testing Materials, The American
Metals Society. and the Society of
Automotive Engineers, but British
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Standard No.860 — obtainable from most
libraries — also gives comparative tables,
and these go down to somewhat lower
hardness. Great care must be taken in
comparing the hardness of different
classes of materials; the fact that (eg.) a
steel and a heat treated aluminium alloy
have the same hardness number will
reflact the different characteristics of the
two metals, and one may well be much
harder than the other.

The hardnesses which may be
expected from wvarious classes of steel
depend very much on the precision of
temperature control, the effectiveness of
the quench and, in some cases, the mass
of the test specimen. The figures given in
manufacturers’ specifications are always
obtained from standard test specimens,
not working lathe tools. However, the
following may give a guide to the "as
quenched” state.

to 43 Rockwell could be machined a
about 80 ft/min, and a Nickel-Chrome.
Molybdenum alloy steel, hardened and
tempered to about 48 Rockwell would
need the speed reduced to around 55-60)
ft/min for reasonabile ool life.

The File Test. | have left this one till last|
It is, of course, the “test of the firg:
resort”; after quenching the piece s
“"shown to" a file, and if the latter slips off
without cutting we know that it has
hardened successfully. If, however, the file
offers to cut the material, but doesn't
quite manage it, then something has gone
wrong; the hardness is not as high as it
should be — for a high carbon steel, that is
Fine files will cut blue, or even purple-
tempered carbon steel, but should not
make an impression on straw-coloured
toal peints. If the workpiece takes the
edge off the teeth of the file you have
done very well indeed.

1.1-1.2C, 0.35Mn, 0.45Cr (Silver Steel) 66-67 Rockwell "C”
Chrome Manganese “non-shrink” die steel 64-65

Non-tempering chisel steel

52-54

22% Tungsten 12% cobalt high speed steel 65-66

18% Tungsten High speed steel
File Steel, 1.25% Carbon

The above figures will, of course, be con-
siderably moderated by tempering; for
carbon steel lathe tools, tempering to
150° will drop the hardness by no more
than one point on the scale, and 200°C by
twice as much. Carbon steel tempered to
"blue” (310°C) is just machineable, at a
Rockwell "C” figure in the region of 56-
58. At the other end of the scale, free-
cutting mild steel, machineable at 200f/
min, will have a hardness equivalent to 11
on the “C" scale (which is not appropriate
to metal as soft as this; the Brinell figure
would be 180-185). A 1.8% Nickel 1.1%
Chrome steel, oil quenched and tempered

64-65
68-69

Conclusion. The difficulty with hardness
numbers is that though we know, sub-
jectively, what hardness is, and what it
does, it is very difficult to devise a means
of measuring this quality. By convention,
the surface stress needed to cause an
indentation under a known load is used.
but this clearly has limitations; a material
which was very brittle would not accep!
an indenter without splintering. However,
by custom the Brinell, Rockwell, and
Vickers tests and, within its special
application, the Shore, are accepted, and
can be used for comparing different steels
or even different materials if due caution

js used. The model engineer should not,
er, be too concerned about an odd
degree difference on the Rockwell or
Brinell scales, or the equivalent on the
Vickers, for it is quite normal to find a
difference of one point on Rockwell "C",
or 30 divisions on the Vickers between
different tests over the cutting surface of
the same tool. These differences are partly
due to "experimental error” in reading the
microscope or dial, partly to differences in
sgurface finish at the point of measure-
ment, and partly to actual hardness
differences. So. if you are offered a steel
which hardens to 67, and the sort you
normally use “only” gives 66, don’'t worry
too much!
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CHAPTER 9

Home Construction of

Furnaces

Gas Firing. | have already referred briefly
to the difficulties which arise with gas
firing. The design of a combustion
chamber does reqguire specialist
knowledge, and of a burner even more,
and a lot of experiment. The ordinary
"torch” —air or self-blown = is intended to
produce a flame which can be directed at
the work, whereas for heating a muffle
you need one which distributes the heat
sideways rather than wvertically or "at a
point”. The "D"-shaped muffle referred to
on page 57 is normally used on the Utile
brazing hearth, which has a fixed side-
burner as well as the two blowtorches.
The firebricks supplied with the hearth are
sized so that they can be arranged around
the muffle itself to direct the flame
properly. It is most effective, and when |
was “on Town gas” | made considerable
use of it. If you are considering & muffie of
this sort, built into a home-made hearth,
then a letter to William Allday & Co.,
Alcosa Works, Stourport on Severn,
Wores. DY13 9AP, should bring you
details of the arrangement used, together
with a quotation for the muffie.

A small “mufflette”. | mentioned on page
58 and in Fig. 31 a small tube furnace
which | rig up from time to time. Fig. 50
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gives the details. The tube is a piece of 14
in. bore steel exhaust pipe, about 16 gauge.
For heating with a single propane burner it
should not be more than 6 in. long.
otherwise the heating will not be uniform
The end-supports are pieces of 1 in. thick
Fossaleil bricks, with a hole bored through
with a tank-cutter to suit the tube. You will
notice that this hole is nearer the top of the
brick than the bottom, to give space for the
flame to develop properly below the tube
One of the cores from the holes is used as a
permaneant plug at the rear end and a home-
made thermocouple (or even a commercial
one) can be inserted through a hole in the
centre of it. The other core is slightly
tapered and used to close the front end,
holding it with tongs, of course.

The burner used is a Sievert No.2952,
which is rather 100 large. but can be throt-
tled back once the tube is up to
temperature. It is of the type which used
to be known as a “"Neck-tube” burmer,
with the air entrainment haoles at the gas-
feed end of the tube. Current types are
known as ""Cyclone” burmers. The flame is
directed to heat up the firebricks (or
“Hotface” bricks) and NOT directed at the
tube itself, which is heated by radiation
from the hot brickwaork.
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Fig. 50 Ovtiing details of o srvall gas-fired tube furnace, The dimensions can be s0iastad 1o furt the matanals avidabils,

In the photograph, Fig. 51, you can see
that the burner is directed between two
broken half-bricks on the left-hand side,
but as & rule | use a full brick with a
“"mouse’s hole” cut in the bottom. Hot
gases escape from a gap between the top
brick and this front one — a space of about
¥ In. is sufficient. This little furnace heats
up in about 5 minutes, and js not as
gxpensive in gas as the burner size might
suggest. Once the bricks are red hot the
gas can be turned down considerably.
There is no reason why such a furnace
should not be made permanent, with the
bricks cemented together with firecement,
but | am a bit short of space in this depart-
ment, 50 s5imply keep the two endplates
and the tube and build up the rest when it

Fig. 51 The furnace in fig 50 in sction
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is needed. | have used a 1-pint paraffin
blowlamp in the same way., but this
needed twice as long to get up to
temperature. It would have been better,
tao, had all the bricks been of the Fossalcil
type. But it did the work required at
around 780°C.

Naturally, a smaller diameter tube can
be used, but if it is at all longer than the 6
in. {about 44 in. “hot length”) you may
need two smaller burners, or keep maoving
the larger one from side to side. | have
been meaning for a long time to devise a
fan-shaped head for the burner, rather like
those used on paint-stripping torches, but
have not had the time! Such a head would
distribute the heat sideways much better.
Furnace control would be easier, too. In
this connection, you must not be tempted
to hurry things up by heating the tube
directly, for it will only grow cold again.
Once the firebrick is hot it is only a2 case of
minor adjustments to the burner to keep a
steady temperature, and once the bricks
are hot all over the muffle tube keeps
pretty steady.

Electric Heating. This is rather easier for
the home constructor, but the furnace will
be markedly slower in reaching the
operating temperature. You will
appreciate that a burner such as that just
mentioned has a maximum output of
something like 18 kW, and an electric
element of that capacity would strain your
power supplies somewhat! On the other
hand, electric heating is clean, silent, and
easy to control — automatically if need be.
There is little risk from fire. The one thing
that must be borne in mind, however, is
that you are dealing with lethal voltages
and must pay really strict attention to
safety rules as well as 1o the |.E.E. regula-
tions. All metal parts must be earthed,
proper insulation materials applied and -
rule No. 1 — the supply should ALWAYS be
switched off when charging or discharging
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the work. The material from which wire-
wound muffies or heating tubes are made
is not a perfect insulator.

Wound Muffles. Furnace muffles ready
wound are available from Messrs
Gallenkamps, Griffin & George Ltd, and
other laboratory equipment suppliers.
They are, in fact "spares” for furnaces
similar to that seen in Fig. 32. Special
insulating material will be needed
adjacent to the muffle itself, and this, too,
can be had from the same source. Outer
insulation can be the glass- or slag-wool
insulation used in (e.g.) AGA cookers
around the firebox. A minimum of 3 in. of
good heat insulation is required, otherwise
the heat loss to the case will prevent the
furnace from reaching its proper
temperature — the element rating is only
about 2 KW. The outer case itself is — or
was — usually Syndanyo sheet, about 3 in.
thick, joined with self-tapping screws, but
as this contains asbestos it is now
replaced by similar material based on
Calecium Silicate. This may be available
from builder’'s supply merchants but if in
difficulty Messrs Cape Insulation Ltd,
Washington, Tyne & Wear NE38 8JL, (or
at their local offices) can give the address
of the nearest retailer.

The actual arrangement of the furmaces
is a matter for your own taste and
ingenuity! Don’t forget that the door
needs insulating (a piece of hot-face brick
will serve) and, if it has a metal handle,
this needs earthing. You can add a
pyrometer — indeed, | would most strongly
advise this, as the virtues of muffle
heating are considerably diminished
otherwise. These can., of course, be
obtained from the same source as the
muffle, complete with flange for screwing
to the case and a bracke! to hold the
indicator. Commercial furnaces are fitted
with a “"thermal fuse”’; this is no more than
a pair of rods projecting into the chamber,

82 The Kantha! efsetiic
gnnce built from a kit (Courtesy
thal Electroteat Lid)

isulated of course, united with a wire of
guitable melting point (silver for 1000°C,
for example) and wired in series with the
nding. If the furnace over-runs and gets
oo hot the fuse melts and cuts off the
supply.
A Radiant Element Furnace Kit. Fig. 52
Bis a photo of a fumace designed by
Kanthal Electroheat Ltd, Inveralmond,
Perth PH1 3EE specifically for home can-
struction. (The photo was taken, by the
vay, before the essential earthed guard
had been fitted over the terminals). It can
e built either as an 8 KW unit rated at
350°C or with a 4 KW loading for
1200°C, The latter is probably adequate
for all model engineering purposes. The
eating elements in this case are Silicon
Carbide rods, the ends of which can be
seen in the photo, and these are set in the
jop of the chamber. Heating is entirely
tadiant, but | would advise users to bring
the furnace up to temperature before
butting in any work, otherwise the upper
surface is liable to be heated faster than
he lower. The furnace body is made
gntirely of Hot Face Insulating Bricks
hich are sawn and drilled to the detail

drawing supplied by Kanthal, but the
chamber base is a special refractory plate
which will stand more wear and tear than
will the surface of the bricks. Fig. 53
shows sectional views of the furnace — the
size is, of course, determined by the
number of elements used. Thermostat
control is available, but rather expensive,
and & simple energy controller is really
quite adequate. A thermocouple/
pyromeatar is an essential if the best is to
be got out of the equipment. This, once
built up, is a professional furnace without
the normal casing and hinged or sliding
door, and the chamber size is more than
adequate for most model engineers.

Elactric Tube Furnace. Over the years a
number of home-made electric tube
furnaces have been described. using
ordinary electric fire elements and home
fired ceramic tubes. There are several
hidden problems. The first is that such
elements are rated to work in free air — Le.
losing heat as fast as they can. Once they
are encased in insulating material they
will rapidly burn out. They must be
derated for furnace work. Second, it is not
easy to make a fire-cement tube without
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blisters and spalling. Third, such a tube is
usually wvery fragile, and it cannot be
streangthened by moulding it round a stesi
tube as some makers have suggested; the
expansion of the tube will burst the clay.
However, for those willing to exper:-
ment, and face one or two failures with
equanimity, Fig. 54 shows the stages in
making the tube. The "mould” is a piece
of steel tube of the desired internal
diameter, furnished with two thickness
washers. Waxed paper is wound round
the tube — three layers — and the
endplates or spacers are greased. The
firecement (that seen is "Kos'') is made
into “worms™ of thickness just over half
the desired thickness of the tube. (This

Fig. B4 The rube former, which should be covernd w1

il papar winding & “worm (the paper is nof glownin 08
ahoto) ahd e fube after leing. The wire binding peis ay 4
anichor for the glamant af onch snd,

Efg. 55 Winding the efement in
e inthe. Note the anich o the
i wm

ishould not be more than § in. and 3/16 is
better). These worms are then wound
round over the paper liner and well
tkneaded together. The first layer is
fallowed to air dry, and then a second laid
on top, this one being smoothed and
‘kneaded down using the two end washers
ias guides. This too, is air-dried for several
days on a hot radiator, after which the
fube is withdrawn. If it sticks, a blowlamp
ican be directed down the inside to fire the
‘paper, but on no account must the firece-
‘ment tube be made really hot at this
'stage. With the steel tube extracted the
icement must be further air-dried, and the
:' pnger this lasts the better — up to a week.
must then be “fired”, and this process
imust also be very slow. (The problem is
that moisture in the interior may form
ssteam pockets which lift the surface). Fire
grom the inside with a brazing torch, very
slowly raising the temperature to red heat.
If any spalls form, these can be picked off
‘and "patched’ with firecemeant.

g- 56 The wound elemeant, with one of the wooden plugs
Bt the lefr-hand end. and the elament after coating with
; gl i redmin the coifls — batore fring,

You will need two elements, from the
local electric shop, of 1 KW rating.
Carefully unwind one by threading a
length of 3/16 in. rod through and pulling
off the wire. Avoid kinks. Measure the
length, and then wind on to a bobbin.
Unwind part of the second element, and
cut off one fifth of its length. Double this
and twist, to make a twin wire. This will
then be cut in two to form the connecting
wires, and also serves to reduce the
applied voltage to the actual heating
glement. You will need two small con-
nectars made by drilling ¢ in. steel rod 3
in. and tapping for two small set-screws;
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the standard brass connectors will not do,
as the temperature is too high.

Make two wooden plugs to fit inside
the cement tube, one with a centre-hole in
it. Wind iron wire round each end of the
tube, about § in. from the end, and twist
tightly; these are the anchor points for the
ends of the element. This will be wound
on using the lathe.

From the known length of the element
and the diameter of the tube you can
calculate the number of turns. Select an
easy screw-cutting pitch which will permit
this number of turns on the bobbin -
something between 12 and 14 tpi will
probably serve. Set a piece of wood in the
toolholder with a notch to guide the wire
(Fig. 55) and attach one end of the
glement to the tailstock end anchor,
leaving about three inches free. Keep a
fair tension on the wire and with the lathe
running at about 50 rpm, wind on the
wire. At the other end, anchor the wire
again. Note; if you have more than a foot
left over but less than a yard, don’t worry,
but if there is more than that you should
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Fig. 57 a port furnace suitable for tempearatures up 1o 9500 C

re-wind with a finer pitch. If the winding
does not reach the end, use vyou,
judgment as to whether to tolerate a shor,
unheated part of the tube or 10 coarsen
the pitch. This part of the job takes very
little time. Fig. 56 shows the wound tube

The winding must now be covered with
a very thin layer of cement — the wire
should just show. This, once set, will form
a binding to prevent adjacent coils
touching when the wire expands with
heat. Before going any further, test ths
arrangement. Attach the two twin feeder
voltage dropper lengths, one at each end,
and a piece of mains cable 1o these with
the normal twin porcelain jointer, Maks
sure that there is no risk of any part of the
bare wire touching anything, and set all on
a piece of firebrick. Use a plug with 13
amp fuse and switch an, DON'T TOUCH
ANYTHING. After a short while the tube
should start to get hot, and you must note
the final temperature. If this is no better
than black, pull out the plug. cut about
one fifth off each of the twisted end
lengths and try again. If it gets to dull red
and stays there, all should be well: once
insulated it should reach the desired
temperatures. If, however, it burns out
after half an hour, you need more on the
twisted end lengths!

Once satisfied it is worth doing the res!
of the work. Insulate the feeder wires with
ceramic beads, and then make up a casing
of insulating bricks carved out, feeding the
wires outwards between two bricks. Make
a terminal block from § in. Syndanyo and
fix this to one of the bricks. (If you use
bolts, then these must be earthed, as must
the protective cover over the terminals if
of metal). How you arrange this is up 10
you, but you need at /east three inches of
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insulating brick all round. Any gaps can be
filled with ground-up fragments. Close the
back of the tube with a brick plug, and (for
what it is worth) just lean a firebrick
against the other end to act as a 'door .

| give these instructions “without
warranty | | have made such a furnace
‘and had satisfactory results, but have also
had three burn out on me after some

1

Fig. 58 Outiine details of a furnace simflarto Fig 57, Detad changes have been made to reduce heal losses.

months of service, and several give way at
once. Others have built them and had
them in service for years. A great deal
depends on (a) the homogeneity of the
cement: it must be well kneaded before
and during application, and (b) the quality
of the element. You can, of course, buy
the proper resistance wire from Kanthal,
specified for this service, and this will not
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need derating and be less likely to "blow"”
at the operating temperature. (The wire
may get up to 1200°C with the tube at
900°C). You can, of course, buy a tube,
too, from Morgan Refractories Ltd; but if
you are going to do that you might as well
buy a ready-wound tube. either from
Kanthal Electroheat or from Morgans and
have done with it!

High Temperature Salt Furnace. Fig. 57
shows my 2% in. x 10 in. neutral salt
furnace for temperatures up to about
950°C, rated at just under 2.8 KW. This
is, perhaps, rather larger than might be
needed, and a 2% in. x B in. would do for
most applications, but it was originally
made (not by me) as a small laboratory
furnace. Fig. 58 is the drawing. The tube is

28

Fig. B9 Welded stee! por. Note the earth terrminal,

3% in. bore Margan 90E High Aluming
wound with a Kanthal element for 240
volts. If buying a wound tube it is impor.
tant to specify the power input — 23 to 23
KW in this case — the applied voltage, and
the operating temperature of the ceramc
tube. This will be higher than that in the
salt pot itself, so that a sketch of the
arrangement, or a copy of Fig. b8, should
be sent with the enquiry. The outer casing
is of 4 in. Syndanyo, though today one of
the Calcium Silicate substitutes from
Cape Insulation Ltd would be used. The
immediate insulation material round the
glement is “Triton” Kaowool ceramic
fibre, supplied by Morgan Ceramic Fibres
Lid, Bromborough, Wirral L62 3PH. The
standard grade is good for 1250°C. but |
suggest the "High Duty” rated at 1400°C
This is packaged into the space between
the element itself and the heat insulating
bricks — which are cut roughly to leave
about 1 inch gap between their surface
and that of the element. The bottom of the
tube is packed with the wool also, but this
must not lie above the first coil of the
element.

Fig. 59 shows the actual pot. This is
made from drawn steel tube, with the
bottom welded on with full thickness
penetration. The 0.D. of the pot must be
about } in. less than the bore of the heater
tube, so that it may be necessary 10
machine the steel tube to a smaller
thickness. This is not difficult and a rough
finish will do. The support flange Is
recessed as shown. This prevents any
splashes of salt from getting between the
pot and the heater. The handle shown is
not intended for carrying the pot around
when hot, but simply to make it easier 10
lift. A lid of some sort is needed, bath 10

g. B0 The furnace af Fig. 57 with the lid reimoved. That in
Rag. 58 Fris miceee and ofiferet fnswlation,

keep out dirt when not in use, and to
cover the pot when reheating. There is
just a slight risk that the lower layers of
galt may melt and expand before the crust
on top melts, and if the latter splits open
ander the pressure there could be a

a furnace with the top cover removed.
This furnace has rather less insulation
than is desirable.

Mone of the dimensions is critical — you
can make the size of the heater tube or
alting pot to suit your needs and adjust
all to suit. However, it /5 important to
allow for plenty of insulation — the more
the better as this will speed up melting
time and reduce current consumption
once up to temperature. Reducing the
diameter of the pot will not reduce the
overall size of the case very much. As to
‘depth, you have to allow sufficient for the
tide to rise as you immerse the workpiece,
and the top level of molten salt must
always be below the top of the winding.
he loading of the heating element
depends almost directly on the volume of
the pot, but | don't advise going below
1000 watts (1 KW) as the heat losses are
by no means negligible.

MNote that the steal pot and the terminal
box {if of metal) MUST both be earthed, as
the insulation resistance of the ceramic
tube is not perfect. (The current should, of
course, be switched off when manipulat-
ing the work). There is no real need to
insulate the leads to and from the heating
glement. but the little ceramic beads used
on cooker circuits and electric fires are
quite adequate. The actual leads are a
gontinuation of the heater winding, but
doubled and twisted, so that they will not
get very hot. The terminal block is of

Syndanye or Calcium Silicate, though
porcelain terminal blocks are sometimes
available on the "surplus” market. The
regulation of the furnace is best done with
an "Energy Controller” — a thermostatic
control would be very expensive. Those on
electric cookers will handle 3 KW, | do not
advise building it into the furnace casing.
as these controllers incorporate a thermal
switch to effect the time-intervals, and the
heat from the furnace would upset them.

“Heater Bricks'. A relatively new
development is in the form of a heat
insulating brick with a heater element
embedded in the face. At first sight these
would seem to be the ideal module for the
construction of a small furnace. There is
also a wvariation, with the “brick” in the
form of a hallew tube, making the basis of
a tube furnace. There are two problems -
the first is that the units are wound for no
more than 60 volts, so that either a hefty
transformer is needed, or one must use
four units. The second is that the hot face
of the bricks will not carry any load; you
would need a supporting and heat ran-
sparent” floor, or a metal tube if using the
tubular type. Both floor and tube would
have to be of heat resisting steel or of
considerable thickness if any reasonable

99



life was to be expected. However, these
are not difficult problems to get over and
readers who are interested in this
development should write to Messrs W.J.
Furse & Co., Ltd, Wilford Road, Noi-
tingham NG2 1EB. The bricks are known
as “"Watlow Ceramic Fibre Heaters'',

Resistance Wire. This is obtainable from
the Kanthal firm already referred to, from
London Electric Wire & Smiths Co.
(LEWCOS) Church Road, London E10, as
well as other manufacturers, and in small

Stockport Cheshire. Such element wire i-
available either as the normal round wire
or as strip, the latter for the higher Ky
ratings. The material must be selected for
the operating temperature of the wire
which will be higher than that of the work
by quite a bit, and this doas mean that the
advice of the manufacturers, with their
vast experience, is needed. To "play safe
and select the highest rated element wire
can be rather expensiva.

The problem is to effect a compromise

quantities from K.R. Whiston, New Mills, between three variables. The overail
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resistance needed to limit the current to
the desired power — eg. for 1 KW at 240V
the resistance at the working temperature
must be such as to limit the current to
1000/240 = 4.17 amp, say 58 ohms.
Next, the surface area of the wire must be
such that it can dissipate this power. A not
untypical rating is 6.5 watts/sq. inch of
surface area. So long as the length of wire
needed for this criterion is /ess than that
needed to provide the required ohmic
resistance the element will be safe, but if
the opposite condition holds, then it will
probably burn out. Finally, there must be
enough room to wind this calculated
length of wire on the ceramic tube. It is
not safe to wind at closer pitch than about
14 T.P.l., as there is then risk of adjacent
turns touching each other.

The following calculation table shows
how four gauges of wire have been
assessed to meet the required criteria for
a 1 KW 240 valt heater element. Note
that these figures, though typical, should
not be used in an actual furnace: the table
is just an exercise to show how to go
about the job.

Required current = 1000/240 = 4.17
amp. Required resistance at the operating
temperature of 1200°C, 240/4,17 = 57.6
ohm. Power capacity of the wire B6.67
watts/sq.in. surface area, hence A = 150
sq.ins. Outside diameter of heater tube is
4 in. = 1.05 ft circumference.

output if wound to a resistance of 7.6
ohm, The 19 gauge element will need a
winding length of about 7 inch, and this is
reasonable for 4 inches diameter — or it
could be wound at 12 TPl over an 8-inch
length if desired.

The resistance per foot and surface
area per foot lor in metric units) is quoted
by the suppliers, as is the safe dissipation
in watts per unit area of wire. In some
cases it may be necessary to change to
flat strip heaters, in order to match the
resistance per foot to the required surface
area. The wire manufacturers will be able
to supply tables which help considerably,
but do not expect them to act as "Con-
sultants” for the price of a few pounds
worth of wire. (The 19 gauge element
tabled would need about £9 worth).
Conclusion. This chapter has necessarily
been brief, for furnace-making is not a
very comman occupation for model
engineers, and there is not much
published information. However, | hope
that what | have written will help you to
avoid some of the more difficult problems.
| would, however, suggest that before
embarking on the manufacture of any but
the simplest muffle you explore the
second-hand market. "Exchange & Mart”
may bring forth something, and even if the
furnace requires a new muffle, or perhaps
the thermocouple of the pyrometer, the
cost of repair may well be less than the

Wire Length Reqd, Ft. Turns on Winding Length
Gaugh For Power For Resistance 4 in. dia inches.

16 62.2 259 246 17

18 82.9 146 139 10

19 99.3 104 95 5.8

20 110.3 g2.4 78 5.6

This table shows that the 20 gauge
wire requires a greater length to dissipate
the power than is needed to offer the
required resistance; it is, therefore, unsuit-
able. All the others will handle the power

cost of materials for a home-made affair.
The little gas-fired tube furnace s, of
course, a very simple matter, as you must
have firebricks around any heat-treatment
hearth anyway.
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CHAPTER 10

Safety Precautions

Safety in the workshop is, most of the
time, no more than “applied common
sense’, and | fear that many of the Parlia-
mentary Enactments on the subject seem
to assume that most people working in
industry are half-wits. However, commaon
sense is the more easily applied if some-
thing is known of the hazards, and my
object in this chapter is to present these 1o
you, no more. To those readers who have
heen sucking this sort of egg all their lives
| ean only say that many others have not;
and if YOU tried to use their tools you
might well do yourself an injury straight
away.

Fire. This is, perhaps. the most obvious
danger. At 780°C the workpiece will, if
left, burn a hole in the floor — or through
your boot. Worse, it can burn through your
gas-hose in seconds, and though the hose
failure valve (dare | assume that your
equipment has one?! will shut off the
supply, the initial burst of flame can set
fire to other things. The second hazard is
from the heating flame itself. The practice
of moving the torch aside to observe the
metal is normal, but how many
practitioners think on as to where the
flame is now pointing? | have myself set
fire to a carelessly placed piece of cotton
waste this way.
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The answer to these is twofold, First,
the heat-treatment spot should be as
fireproof as possible. |f working on &
hench, then the top should be coverad
with two layers of bricks, with staggered
joints, so that flame cannot pass through
Better, use a purpose-built steel frame
with the bricks set in. | know that space
often compels the use of wooden top
bench, but if any great amount of heat
treatment is done then the bench should
be made accordingly. The brazing spot
should be so equipped, and this is. surely
the right place to do other “hot work™ as
well.

Second, have fire-extinguishing gear
available. Fire can get out of hand very
quickly indeed, and prompt action may
save you a lot of misery — and maoney. The
quench bucket is the first resource, of
course (but note later the remarks on salt
baths) sand is the second, and a proper
fire extinguisher the third, | use the "Dry
Powder'' type, and have a CO,
extinguisher as a back-up. (We are 12
miles from the fire station). These types
are both safe for use on electrical fires
and my workshop, like yours, has a lot of
wiring in it. A very sensible arrangement i5
for the whole of the bench (brazing or hea!
treatment) to stand in a shallow tray con-

taining an inch or so of DRY sand. This

will catch any droppings safely, and from

it a quick shovelful of sand can contain a
~small fire whilst reaching for the

extinguisher.

The other hazard from hot metal is
burning yourself. The first point 1o note is
that cold water won't hurt a burn, and to
put any sort of dressing over a dirty paw is
asking for trouble. So, sluice on cold water
and get someone carefully to wash the
area around the burn. Then if it is a bad
one — red-hot metal on the back of the
hand, for example — or of any size, do NOT
apply anything sticky. A dry burn dressing
will do little harm, but even a clean pad
made from a clean handkerchief (NOT lint)
and loose bandage will keep the lesion
clean on the way to "Casualty” at the
local hospital. Don't neglect this — a burn
attended to promptly by experts will give
little trouble, but leave it till next day and
you may well be in trouble. For minor
burns, then the acriflavene based burn
dressings can be used, but even here, seek
the advice of your doctor if in doubt. Keep
these dressings in the workshop or
nearby, but don't forget — it is the dirt
round the burn which will cause infection,
50 see that your paws are clean,

Clothing. What is up must come down,
and vyour feet are vulnerable. Carpet
slippers are not the best things to wear
with metal at BO0O"C a couple of feet
higher up. Wear leather shoes. Cotton
twill overalls are safe — or as safe as can
be = but those of man-made fibre can
literally melt if overheated. Splashes from
guench-tanks can be hot, and those from
salt baths ARE hot. Protect your throat
and neck. On the steelworks we used to
have sweat rags which could be held in
our teeth. (Though nowadays | have no
doubt that special hot-metal clothing is de
rigueurl), But an old scarf is useful —
nothing is worse than a hot piece of scale

jumping off a tool in the quench and
lodging down the open neck of a shirt!
The use of gloves is debatable. If these
tend to make you clumsy and increase the
risk of dropping workpieces then perhaps
better to do without them. But if you have
a pair of reasonably supple chrome leather
ones, these should be worn when working
with hot high-temperature salt (or molten
lead if you use that). There are some so-
called "heat proof’ gloves on the market,
but they are not suitable for this class of
work — maybe at tempering temperatures,
but they won't stand red-hot metal. The
object of the glove is, of course, to protect
yvour hand from accident, not to enable
vou to pick up workpieces! One important
point — the gloves should be such that you
can whip them off smartly; they will keep
the heat from the hot metal from your
paw, but the glove is then hot, and this
heat will travel through soon afterwards.
Finally, wear a cap. Quench a piece of
steel with a hole in it, and the odds are
that a lump of superheated water will leap
up, to land on your bald patch. (So you
have hair? Good, but it would go through
that, tool). There is absolutely no need to
dress up as if you were melting 100 tons
of steel when you are about to harden a
in. form tool, but that tool IS hot, and you
should, as | said at the beginning. use your
COMMON Sense.

Splashas. You may well have dumped a
few jobs into the pickle-bath in the past,
so you know what happens. Don't lean
over the quench tank, and if the work is of
any size at all, wear proper goggles. These
are dirt cheap, but MUST be to British
Standard 2092/2. These are heat-proof
and will not shatter from heat as glass
will. They have little side-pieces that stop
things from coming that way, and can be
worn over spectacles. They also have a
little “top shelf” which prevents stuff from
falling into the space between specs and
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the eyes. |If you do get anything in your
eyve, wash well with cool water and go to
the doctor; it is just not worth taking any
risk here.

Splashes from the oil-quench tank

need be no more serious than from water
— they should not be toe hot — but if at all
painful treat as for a burn; wash round the
spot and apply a dry burn dressing until
you can get medical attention. The brine
bath differs only from the water quench in
that the salt is an irritant. But don't
neglect any injury from hot splashes, from
water, brine, or oil. The point is not so
much that they are hot as that they are
DIRTY, and it is from this that subsequent
infection can arise.
Salt Baths: General. ALL hot liquid baths
are dangerous if they can overturn. The
first rule, therefore, is that the furnace, or
if used, the hotplate for tempering salt,
should be secure in this respect. A heavy
pot on top of a flimsy stove is just not
acceptable and if you are unable to
arrange for really solid support, don’t use
the system at all. Second, the salts —
sodium nitrite and potassium nitrate for
tempering, and sodium and potassium
chloride for Austenising, are. though
strictly non-toxic, irritating: just like
kitchen -salt. The cold salt should not be
handled with bare hands, and any powder
spilled should be dealt with using a brush
and shovel.

All salts can absorb a little water, and
all contain “'water of crystallisation” until
melted. At first melt, therefore, there will
be guite a bit of frothing as this water is
expelled. Start the melt with the pot only
half-full, and apply heat very slowly. Let
the initial froth die down — don’t increase
the temperature — and then add a little
more salt. Use a metal scoop to put it in;
don't “tip it out of the bag’. Let the
moisture evaporate and again add more
salt, in small quantities at a time, until the
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required amount is in the pot. Aliow plenty
of space for the tide to rise when work is
put in. In the case of the electrically
heated high-temperature furnace the sal
level should be below the upper end of the
alement.

There will be no frothing on remelting
so long as you have had a lid on so that it
cannot absorb any moisture, and even
then it will be relatively slight. However, it
is worth again repeating that the salt may
form a crust, and when re-melted the
expansion of the liquid below may cause
this to crack and send out a spurt of hot
salt. So, keep a substantial lid on the pot
until the whole is melted.

Never stick your head over the top of a
salt pot in service, always observe at an
angle, always wear BS2092 grade 2
“Impact” goggles and a cap. and gloves if
you can possibly manage with them.

All work put into the bath must be
water- and oil-free. and should be
immersed slowly. Particular care must be
taken when oil-guenched work is to be
tempered at above about 220°C, as any
residual oil may “flash off”. Prior degreas-
ing is recommended if the tempering bath
is above 245°C. Slight surface oil con-
tamination should cause no trouble in the
Austenising bath, but if there are any
holes in the workpiece these should be
cleared of oil before immersion. No
fixtures or other devices for use in salt
baths should be made from tube. Great
care should be taken to ensure that no
foreign matter falls into the bath, whether
cold or hot, It is imperative that no water
should fall into a salt bath, and water
should not be used to extinguish any fire
adjacent to ona.

Avoid overheating any salt bath. They
should not be left “on heat” when leaving
the workshop for more than the odd
minute or two, even if thermostatic
control is fitted. Overheating can be

arious with tempering salt if
femperatures go above about 550°C.

ON NO ACCOUNT MUST TEMPERING
SALT GET INTO THE AUSTENISING POT.
Tempering Salt. This is a2 mixture of
Sodium Nitrite and Potassium Nitrate.
These can irritate the skin, but are classed
85 non toxic”'. Scap and water can be
used to wash off the skin, and an eye-
wash solution if any powder gets in the
eyes. The salt looks like coloured sugar, so
that it SHOULD BE KEFT AWAY FROM
ICHILDREN, but if any is taken by mouth
igive plenty of water to drink and call the
doctor. In the event of a burn from molten
igalt — {a] Flood the affected area with
ater or Sodium Bicarbonate solution (b)
Remove solidified salt and wash again (c)
‘treat as a thermal burn; apply @8 medicated
Hdry) burn dressing and see the doctor or,
extensive, take the patient to the
hospital.

The salt is not inflammable in itself, but
'a strong supporter of combustion; wood
‘or cloth contaminated with the salt will
‘burn vigorously. Some organic com-
‘pounds can react vigorously with the salt
when heated. Care should be taken that
‘splashes or spillages of powder on wood
wor rubber are cleaned up promptly.
‘Clothing should be washed, NOT dry-
cleaned, as there is a reaction with dry-
‘cleaning solutions.

If heated above 550°C, oxides of
nitrogen may form, and these can be
absorbed by the skin, and if inhaled can be
dangerous. Symptoms are blueness of the
ips and face, and perhaps shortness of
‘breath. The condition requires medical
ifreatmant.

The salt is supplied in plastic sacks, and
'should be ladled from these into the pot
with a metal spoon or ladle. Storage con-
tainers should be moisture-proof; | keep
mine in plastic bags inside large Nescafe
‘tins, Used salt can be disposed of by

washing down the sink with a good flood
of water.

Within the temperature range and
guantities used by model engineers this
salt can be regarded as non-hazardous
provided reasonable care is taken.
High-temperature {Austenising] Salt.
This iz 8 mixture of Sodium Chloride
{common salt) and Potassium Chioride. It
is virtually non-harmful and can be treated
as if it were household salt if it gets in the
ayes, in a cut, or is taken by mouth. In the
event of burns from molten salt these
should be treated as for the tempering
salt, but the burn may be severe and
immediate resort to the casualty depart-
ment of the hospital is recommended.

Spillage of the cold salt powder is
unimportant, though it will absorb water
and may damage (rust) metal. Spillage of
hot salt can be contained with dry sand
dams, and the fire, if any, tackled with CO,
extinguishers; water should not be used in
the presence of molten salt.

Material immersed in the bath must be
dry, and the work should be set in slowly
to allow any air trapped in holes to escape
slowly — a rapid immersion may cause
spurting. Care must be taken when
remelting, with a substantial lid, in case a
crust forms on the top of the bath, and
initial melting must be slow: this salt
melts at about 670°C, so that frothing at
this stage should be reduced to a
minimum with the depth of the bath being
increased only slowly.

This salt is inherently safe, but the
hazard from very hot liquid is present. If
treated as a molten metal, with the same
precautions, dangerous situations are
unlikely to arise, (though | repeat my
previous warning: on no account allow
any tempering salt, or metal contaminated
therewith, to get into the high-
temperature salt, cold or hot.) Careful
attention to protective clothing at all times
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is the order of the day. Storage and
disposal conditions are the same as for
Tempering salt.

Electrical. Electrical hazards in the heat-
treatment shop are exactly the same as
those elsewhere, but rather more care
must be taken over trailing leads. Metal at
quenching temperature will burn through
insulation and cause a short-circuit very
quickly, and will itself set the insulation on
fire. Wires within furnace casings should
be insulated with ceramic beads, obtain-
able from the local Electricity Service
depots. Glass-fibre insulating sleeving is
available, but this is normally rated only
for the temperatures found in domestic
cookers. ALL metal parts of a fumace
must be properly earthed, the earth wire
being not less in diameter than the main
leads and preferably more. These connec-
tions, especially when earthing a hot point
{e.g. the pot in a salt furmace) must be
inspected and cleaned reguarly, as oxide
formation may set up an unacceptable
earth leakage resistance.

Cables to the supply socket must be
routed away from risk of contact with
flame, hot metal, or salt and, if permanent,
covered by metal shield or conduit -
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which must be earthed. Fusing is beg
done at the 3-pin plug-top, but if fuseq
elsewhere (or if circuit breakers are fittay
ta the control box) these must be arranged
to break the “Line” circuit only; on NO
account must any fuse be set in the
“Meutral” conductor. Failure of a fuse hera
leaves the apparatus live to earth.

Finally, because no furnace muffle is 2
perfaect insulator, it is common prudencs
to switch off the circuit when handling the
work. This applies especially 0 muffle
furnaces; a salt pot with an earthed pot
should be quite safe so long as the earth
connection is sound.

Conclusion. The careful practitioner will
meet few dangers in heat treatment, bu:
no amount of “precautions” will save the
careless from injury. Heat treatmeni
practice is probably less dangerous than
brazing, as though temperatures may be
higher the amount of heat present is less
If, in this chapter, | have been "teaching
my betters how to suck eggs’ | console
myself with the thought that a hot egg is
hard-boiled, and such cannot be blown at
all. Any material much above 70°C needs
to be treated with respect!

APPENDIX 1

hermocouples and

'Pyrometers

It is possible to obtain mercury-in-glass
thermometers which will safely register
up to 360°C quite cheaply, and nitrogen
filled mercury thermometers in special
glass can be had which read to 600°C.
They are rather fragile, but can be used for
tempering - though | make a steel
protecting sheath for mine. The well-
known “'Rototherm’ temperature
indicators, based on a bi-metallic coil, can
be bought to read up to 300°C (they are
used as oven thermometers) and are more
robust. The mercury-in-steel dial ther-
mometers will operate safely up to
650°C, but they are both expensive and
bulky. None of these, however, will serve
for temperature indication when heating
{Austenising) for quench hardening. The
thermo-electric pyrometer is the only
practicable answer.

Fig. 81 shows the principle. If the
junction between the two wires at "A” is
heated, and that at "B” is kept cool, then
the meter "M" will show that a voltage is
developed which depends on the
temperature difference at the two junc-
tions. Mote that it is the temperature
DIFFERENCE which matters; if the meter
shows a voltage corresponding to 700°C,
and "B” is at 80, then the temperature at
"A" will be about 780°C. Further, the

EMF generated does not vary exactly with
the temperature; plotting EMF against
temperature difference shows a slight
curve to the graph. This means that the
true temperature may not be exactly that
found by adding the hot and cold junction
temperatures. We will deal with this
problem later, but it is not serious for heat
treatment purposes.

The normal arrangement is that shown
in Fig. 62, "A" is the hot junction and BB
the wires within the immersed length —
the materials being the “thermoelectric”
alloy. CC are connecting wires leading to
the meter "M"” and "R"” Is a series
resistance. If CC are plain copper con-
ductors, then the effective cold junction
will be at DD. This may be close to the
furnace, and DD could be quite hot. The
effective cold junction can be moved to
the meter either by using special alloy
connecting cable (called a “compensating
lead”) or more simply by continuing the
thermocouple element wire from A right
through to M and R. This is the method |
use; the meter need not be all that far
away from the furnace, and one has to
buy a yard or so of thermocouple wire
anyway. The function of the resistance
“"R” is to reduce the effects of changes of
resistance in the circuit which may ocecur
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Fig. 81 The principle of the thirmolowpls

,a.:<
as the couple element gets hot. If the
resistance of BB and CC were, say 0.5
ohm and that of the meter 1.5 ohm, then
any change in the former would be
appreciable. By inserting this “ballast
resistance’ say 100 ohm, then the change
in resistance of AA and CC with
temperature will have negligible effect. It
serves a further purpose, too. It can be
used to match the indicator to the par-
ticular thermocouple used. We shall make

use of this when "adapting” instruments
for home-made indicators.

THERMOCOUPLES

A number of different alloys are used for
the thermocouple elements. The cheapest
is copper against “Constantan” (60%
Copper 40% Nickel) but this can operate
safely only up to about 500°C. Chromel-
Eureka (90% Ni 10% Cr vs 40% Ni 60%
Cu) can be worked intermittently up to
850°C, or 700°C continuously, and has
the merit that it delivers the highest EMF/
°C of any. lron-Constantan is the next
best in this respect, and can work con-
tinuously at 760°C and intermittently up
to 1000°C. It is cheap, and well suited to
our work, provided you recalibrate if it is
used for long periods (days) above about
B00°*C. The commanest for high-
temperature work is Chromel-Alumel
(90% Ni 10% Cr vs 94% Ni, 2% Al + Si
and Mn) which can work all day at
1200°C. It does not develop quite such a
high EMF as the previous types, but suf-
ficient for our purpose. There are other
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alloys, notably those based on Platinum,
but none likely 1o be of interest to us. All
these thermocouple alloys are now made
to a British Standard Specification, and
the following table, taken from "The
Model Engineer's Handbook” shows the
EMF developed in millivolts when the cold
junction stands at 07C. This assumes that
the wire is to the relevant B.S., but the
difference between this and others (eg. to
DIN std) is negligible,

The EMF in Millivalts developed by
couplesisgivenin the table.

A=Copper-Constantan to BS1828
B=Ilron-Constantan 1o BS1829
C=NiChrome-NiAluminium B51827

o

rec F A 8 43

0 3% 0 0
50 96 2.02 2.58 2.02
100 /2 4.24 5.27 4:-10
150 27¢ 663 8-01 6-13
200 3¢«¢ 9.18 10.78 8.13

250 Y5©e11.86 13.56 10-16
300 Y% 14.67 16.33  12.21
350 €3L 17.88 19.09 14.29
400 726 20.59 21.85 16:40
500 9%€ 26.10 27.39 20-65
600 1€ f 3311 2491
700 r266 39.15 29-14
800 Y%k 45.53  33.30
goQ /€26 i 37.4
1000 (PO — 41.3
1200 = o 48.9
1400 — — 55.9

Fig. 62 The vements of a practical B-

| A.-<
B,

*qd df

Now, let us suppose that we are using
an lron-Constantan couple with the hot
junction at 700°C and the cold at 100°C.
The indicated voltage will be 39-15 —
5.27 = 33.88 mV. This corresponds to a
temperature of 613°C. Add on the cold
junction temperature and we find the sum
to be 713°C — 13°C higher than it
actually is. So, the cold junction must,
first, be kept as cool as possible (in really
accurate work it is set in ice in a thermos
flask) and second, we should keep a ther-
mometer nearby to check the
temperature. If the cold junction is kept
within +/—= 2°C of 15°C, the error will not
exceed two or three degrees if the cold
junction temperature is simply added to
that indicated on the meter. If the meter
and thermocouple are CALIBRATED with
the cold junction at 15°C the error will be
negligible.

The construction of the thermocouple
is simplicity itself. It can, indeed, work
quite satisfactorily if the wires are tightly
twisted together. This will read correctly,
but there will be a time-lag between

Fig. B3 Foreground, a home =
made thermocougple, The twisted —
g could be shorter with advan-
fage. Centre, various forms of fwin =
wire couple insulators, Rear, single 5

beod insulators for any formof wire 1 EESSEEE

in hot enviconments, e et e — e Tt e e

C. R

reaching the temperature and that
indicated. The ends can easily be welded
together if you have a little Microflame
oxy-butane torch or, indeed, any welding
equipment. The gauge of wire is unimpor-
tant except as regards cost, and 26 gauge
is quite satisfactory, though | would prefer
to see this in a protective sheath. That
seen in Fig. 63 is 18 gauge. and this can
be used in a furnace or even a salt pot
with no sheath, though one is preferable
in the latter case. Twin thermocouple
pairs, about 30 gauge, insulated with fine
heat-resistant sleeving, are available. For
the knockabout work of heat treatment |
would tend to favour the 1B gauge wire,
but it IS only a question of fragility: there
is no difference in the effectiveness.

The couple wires must, of course, be
insulated behind the actual junction, and
either single or twin bore ceramic or silica
insulators can be had for this purpose
from scientific instrument suppliers.
(Griffin & George, Gallenkamp elc) or
from Morgan Refractories, already
mentioned in connection with muffles.



Some of these are seen in Fig. 63. These
may, in turn, be protected by setting the
whole inside a steel sheath. The end can
be closed either by folding over and ham-
mering, or by welding in a plug. The
sheath should be a fairly close fit on the
insulators. This will protect the couple
from knoacks, and also (in the case of the
salt pot) from a gradual eroding away of
the wires. On the other hand, the sheath
will cause a time-lag in the indications —
your indicator will tend to read the
temperature as it was 3 or 4 minutes
earlier, depending on how heavy the tube
is. There is no need, for our purposes, 1o
use stainless steel. Once clear of the
actual furnace the wires may be insulated
with ordinary sleeving, or you can use the
glass-fibre type if they are likely to get hot.
Such sleeving can be obtained (or
ordered) through radic service shops.

The Indicator. The maximum reading
using iron-constantan will be about 50
millivolts, and for BS1827 NiCr-NiAl,
about 35 mV. If you have a "multimeter”
with a millivolt scale, well and good. you
can use this. Otherwise you must either
buy one or make one. There was a time
when “surplus” micro-ammeters were
readily available, and these are of excel-
lent quality. Those reading up to 50 or
100 uA would be the most suitable. But
such meters are not expensive new and,
again, can be ordered through radio
service shops. A 0-50 meter will do nicely,
but you must know its coil resistance, and
if this is not stated in the catalogue, obtain
the information from the makers before
buying it.

Now, let us suppose that we have the
meter, 0-50gpA, and its resistance is
exactly 1000 ohm. We are home and dry,
for one millivolt will give a deflection of 1
micro-amp, and the scale can be used
directly. (The external resistance of the
couple won't matter). Suppose, howeaver,
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that it is otherwise, and resistances of
around 750 ohm are common. Let us
suppose it is shown as 735 ohm. This is
where the resistance "R" of Fig. 62 comes
in. If we make this 1000 - 735 = 265
ohm, then we have a total resistance of
1000, and the meter will read direct. Such
a resistance would be "built up” with one
at 200, one at B0, and one at 15 ohm;
again, from the radio service shop, "High
Stability 1% Tolerance” type.

However, suppose the meter has a
resistance HIGHER than 1000 ohm, what
then? | have one here, 0-100 wA, 1250
ohm. Apply Ohm'’s law. C = E/R, or, more
conveniently, E = C x R. 100 gA x 1250

0 = 125000 microvolts, or 125
millivoits. So, for a meter with a resistance
“R" exceeding 1000 ohm, the conversion
is “Actual Mv = Scale Mv = R/1000",
where R is the meter resistance. It is as
easy as that! Fig. 64 shows three meters,
one circular "Ex Government’ one, which
is still as good as new; a rather small
Japanese meter, really too small a scale
length; and a large 0-100 meter which is,
in fact, the one | would use despite its
resistance of 1250 ohm.

Calibration. This is simply a check on the
table. and ought to be done just in case
the meter resistance is not as stated (they
all are made to a tolerancel and after a
period, in case there has been a change in
the characteristics of the couple elements.
The lower end is done at 100°C. The ther-
mocouple is set in the steam above
boiling water — NOT in the water itself.
See Fig. 65, though it can be done in an
electric kettle just as easily, Make sure
that the cold junction (i.e. the meter, if
used as in Fig. 62) is at 15°C. Let the
junction soak for about ten minutes and
observe the reading. Let it cool a little, and
repeat. Do this three times and take the
mean. For an intermediate temperature
vou can, if you have a tempering salt bath

Fig. B4 Micro-ammuetars. Left T4 EERES
frn. sgiere 0-50pA, cenire,
“Surplus” 0= 00w, right 44 fn. §
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and a mercury thermometer, use this.
Strap the end of the couple to the ther-
mometer bulb with care and a bit of thin
wire and raise the temperature to some
figure about the limit of the thermometer.
Make sure the heater is stable, and take
readings, three, with the temperature
falling about 30°C and then raised again
between each, and note the mean of the
three.

For higher temperatures the following
can be used. Lead, melting at 327°C, Zinc
at 419°C (but be careful of the fumes)
and pure aluminium (from an old
saucepan) 658°C. In the case of the lead
you will need a layer of resin on the
surface to prevent oxidation, and may
need to skim off oxide as well. The drill in
this case is different. You bring the metal
up above melting point and immerse the
couple. Take away the heat, and start
noting the temperature indicator every 30
seconds or s0. As it cools you will find an
“arrast point” developing (Fig. 66} and
then as the metal is solid, the temperature
falls again. Now reheat, and again note
the temperatures — or the millivolts. Again

Fig. B85 Ome mechod of calibrating & tharmocaophe in stesm,
Any sort of container wil do,

VENT.

MILLIWVOLTMETER.

THERMOCOUPLE.
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there will be an arrest in the INCREASE in
temperature. Repeat this a couple of
times, always removing any scum which
forms on the surface of the metal. The
mean of the arrest points is the actual
melting point of the metal. You can do
another at B01°C, with pure salt. Note,
NOT the household variety. Ask at the
chemists for “"Sodium Chloride BPCY —
this is common salt, but chemically pure.

Once all this has been done you can
gither make up a table or make a new
scale out of paper to stick on the dial. |
use a table, as | have other uses for micro-
ammeters and don't want to tie any of
them up on one job.
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The final alternative is expensive, but
definitely “in the mood”. You can buy (or
some of you may be able to make. for all |
know) a solid state digital indicator, which
will read out the temperature on light-
emitting diodes. If you have several ther-
mocouples, high temperatures and low,
you can build in to this a correcting circuit
which will allow for the use of copper-
constantan at one end of the temperature
range and Platinum Rhodio-platinum at
the other: a universal pyrometer indicator.
This is not a book on electronics, so that |
must leave the detail for you to sort out.
Sufficient for most of the electronically
minded to know that it can be done|

APPENDIX 2

Carbon Steel Cutting Tools

Many readers may never have made a
cutting tool in their lives, apart from the
odd D-bit., and would regard anything
except high-speed steel (or even tungsten
carbide) as being a wvery inferior tool
indeed.

This is a mistake. The ONLY reason for
using HSS is that it can operate at a
higher temperature, and can, therefore,
cut FASTER. HSS is much more expen-
sive; it is not as hard as properly treated
carbon tool-steel: at the proper cutting
speed carbon steel has a longer tool life,
and for finishing cuts below 80ft/min.
lasts much longer. And (again, when
properly treated) carbon steel will give a
better finish. Nor is it true that “you can't
take heavy cuts’. This is nonsense. | have
by me a table of "speeds and feeds” for
carbon steel lathe tools which lists cuts up
to one inch deep at feeds of one eighth of
an inch per rev. Finally, carbon steel will
tackle "the really hard stuff’. Until quite
recently it was used for machining the
chilled cast iron rolls used in steelworks
{the surface deliberately made as hard as
the hard spots you can't machine on your
castings!) and watchmakers habitually cut
hardened and tempered steel pivots with
a carbon steel graver.

The only disadvantage which affiicts
the material is that it "tempers” at quite a
low figure. HSS is, initially, softer than
carbon steel, (Fig, 66) but whereas the
latter would start to lose some of its
cutting hardness at about 270°C at the
tool point the former can be operated so
hot that the cutting oil will smoke and,
indeed, | have seen special grades run for
demonstration purposes cutting at a dull
red heat. The same is true of Tungsten
Carbide: its virtue is not its hardness — it is
intended as a FAST CUTTING TOOL,
perhaps at three times the speed of HSS.

This is the crux of the matter. You can
buy a couple of feat of carban tool steel
for the price of one short HSS toolbit: yvou
can file it, bend it, forge it, and harden it to
cut tough alloy steel, even hard cast iron:
and you can get superb tool finish on the
work. But you MUST keep the cutting
speed down and keep the tool point cool.
For roughing cuts the speed should be
about one third that used for HSS (though
if the coolant supply is good you can try
faster] and for normal finishing cuts the
machine should be run at about two thirds
that used for HSS. In fact, for brass or
free-cutting mild steel, taking model
engineers finishing cuts, there may be no
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need to reduce speed at all. (| am, of
course, assuming that you use the
“proper” HSS cutting speeds; many
model engineers run at carbon steel
speeds all the time!) Carbon steel will cut
anything that can be cut by HSS, and
many that we often use carbide for (and
doesn’t chip at the edges either] but it
does take longer. But what is the hurry,
anyway?

On the question of "quality of finish™ it
is not always appreciated that the surface
of the workpiece is, when taking very fine
cuts, a reflection of the surface of the tool.
If the tool point has grooves from the
grinder it must leave grooves or ribs on
the work. Carbon steel has a finer grain
than most HSS, and if grain refined, even
more so. Properly hardened, and
tempered only so far as is essential, it
takes up a better finish from the oilstone,
thus giving an even better finish to the
work. In “"Ornamental Turning” we have
to go further still; we rely entirely on the
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“tool finish” for the decorative reflective
surfaces which are so much admired, and
even go to the length of lapping the
cutting edge with rouge on an iron lap!

With the ever-increasing cost of all
alloy steels (and HSS in particular) it does
make some sense to reconsider the place
of the "old fashioned” carbon steel. We
are not all that concerned with optimum
floor-to-floor times, and few of us would
ever consider working our tools as hard as
they do in industry. (The “economic tool
life"” may be no more than 42 minutes on
centre-lathe work!). | would not, of
course, suggest that we abandon HSS
wholesale; that would be foolish. But for
what it is worth | will conclude this note
by observing that ALL the crankshafts |
have made, and that is quite a lot. have
bean finished, and most of them roughed,
using carbon steel tools on the crankpins,
and most have been turned on the
journals that way as well. Why not give it
a trial?

APPENDIX 3

British Standard Steel
Specification Numbers

The Old British Standard 970/1955,
characterised by the "EN" numbers which
many of us still use, was replaced by the
new BS970 in 1972, It really is time that
we started to use it! It has one great
advantage, in that the BS number itself
gives us the carbon content for many
steels.

The number comprises three digits,
followed by a letter, followed by two more
digits. The first three digits serve two
purposes. They give a broad indication of
the TYPE of steel; thus -

000 to 199 are all “plain” carbon steel
with some manganese content

200 1o 240 are "Free-cutting’ versions of
the above

300 to 499 are all "Stainless” or "Heat
Resisting * steels

500 to 998 are all "Alloy” steels and
within the number the main alloying
elements can be identified.

We are concerned (for heat treatment)
only with the plain carbon steels and,
perhaps, their free-cutting equivalent. The
first digit can be ignored; 0 and 1 mean
“plain” and 2 means “free-cutting”. The
second two digits, (preceded by 0 or 1)
give the manganese content multiplied by
100: thus 145 means 0.45% manganese.
If preceded by 2, these digits indicate the

sulphur content, again, » 100. 224 will be
a 0.24% sulphur steel,

The second group of two digits
indicates the carbon content multiplied by
100. Thus 45 indicates a 0.45% carbon
steal, The letter shows the basis of the
specification. "M means that the steel
must meet the mechanical properties of
the material: “A' means that it must be to
the specified chemical analysis, other
properties being secondary; "H” means
that it must meet the requirements of Har-
denability. Most of the steel we use is 1o
the "M" specification.

There is, of course, a tolerance on the
% figures for carbon and other materials:
thus 0.2% carbon may lie between 0.16
and 0.24% - though the user can
(provided he pays) specify closer limits.

As a general rule. therefore,
approximate heat treatment procedures
can be deduced from the specification
number. Thus 0BOM30 is a 0.3% carbon
0.8% manganese steel, which may be
heat treated by quenching from about
875°C and tempering to suit the applica-
tion. We can also deduce from the iron-
carbon diagram on page 18 that it should
he normalised at around 880°C.

The specification does not cover "Tool
Staels”’, with more than 1% carbon.
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APPENDIX 4

Approximate Conversion of
Hardness Scales

- {For Steels)
(ASTM Conversion Tables) Quee wms smmess.

60 446 45 213
58 430 43.6 204
56 410 41.8 195
54 396 40.2 194
(For Steels) 52 380 38.8 180
SHORE  VICKERS ROCKWELL UTS
No. VDP 2o 1000 Lbf/Sq.in. 50 360 36.6 170
48 354 34.9 163
29 1030 70 48 330 33.3 156
98 970 69 o 44 314 314 148
97 940 68 = 42 300 29.8 141
gg ggg 2;4 . 40 280 27.1 131
N 840 65.3 - 38 270 25.6 126
36 250 22.2 116
20 820 64.7 = 34 240 20.3 111 Rockwell "C” is not
88 800 64 - 32 220 15.7(95B) 101 applicable below this
86 760 62.5 5 30 210 13.4(93.4B) 97  range. Rockwell “B”
84 740 61.6 - 28 190 8.5(89.58) 88  inbrackets
82 710 60.5 - 26 180 6.0(87.1B) 84
68 59.2 330 24 160 0 (81.7B) 75
gg 553 57.8 314 22 150 (78.78) 7
76 630 56.8 304 20 130 (71.2B) 62
74 600 55.2 289 18 122 (67.6B) 58
12 580 54.1 280
70 550 52.3 264 These conversions must be used with
68 530 511 254 discretion, especially as regards the
66 500 491 240 Ultimate Tensile Strength column. They
64 480 477 230 relate only to Carbon and low alloy steel,
62 460 AG.1 220 and exclude “Stainless” steels.
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Glossary of Terms

AlLS.

ASM.E.
AST.M.

Acicular
Alloy Steel
Annealing

Arrest point

Austempering

Austenite

B.S.I.
Bainite

Billet

Blister Steal

Body Centred

Brine

Carburise
Caseharden

Cast Steel
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American lron and Steel Institute.

American Society of Mechanical Engineers

American Society for Testing Materials

Crystals forming a needle-like structure in place of the
more usual grains.

Steel containing elements other than iron and carbon,
though up to 0.35% Manganese is found in all steels,

A heat treatment which softens an already hardened
steel.

Points at which the temperature ceases 1o rise for a short
period when the steel is heated slowly, and similarly
when cooling.

A constant temperature transformation process. mainly
used for small parts, springs, etc. Fig. 44.

A solid solution of carbon in iron.

British Standards Institution.

A structure obtained when Austenite is transformed at a
constant low temperature, less hard, but tougher than
Martensite. Typically the result of "Austempering .

A square or rectangular bar, usually the raw material for
later hot forming processes.

The name given to the steel after the completion of the
cementation process. The surface of the metal is at this
point covered in scale blisters.

Applied to crystals, one with an atom at each corner and
one in the geometric centre of the lattice.

Concentrated solution of common salt (NaCll in water.

Any process which causes absorption of carbon,

A surface hardening process which retains the normal
structure of the steel in the core of the part. Normally
achieved by surface carburising, heating, and quenching.

The name given to high-carbon steel which has been
melted after the cementation process is complete. At ong
time synonymous with tool-steel it is now liable to be
confused with castings made from “mild" steel. The
terms Crucible Steel” or “High Carbon Steel” are to be
preferred.

Cementation

Cementite

Critical Temperature

Crystal

Curie Point

Dannemorra

Decarburise

EN No.
Equilibrium Diagram

Eutectoid

Face Centrad
Faggoting

Ferrite

Gauge Stock

Grain

Grain Refinement

The process by which Wrought lron is caused to absorb
carben through the full thickness of the metal, to produce
“Blister” or "High Carbon” steel.

Metallurgical name for Iron Carbide, Fe;C. So named
because it was first identified in steel made by cementa-
tion.

The temperature at which structural changes occur in the
metal. Usually, but not always, coincident with the
“Arrest Points™.

An orderly arrangement of atoms, almost always in
precise geometric shapes. lron crystals are always of
cubic form.

The temperature above which steel loses its magnetic
properties.

An ironworks in Sweden, which was reputed to produce
an iron remarkably free from impurities.

The reduction of carbon content, usually on the surface of
the metal. Caused as a rule by the action of oxygen or
iron oxides at high temperatures.

The "Engineering Number”, the identification number of
steels used in B.5.970/1955, now superseded.

A chart plotting the critical temperatures of steel against
the carbon content. Fig. 13.

The composition of steel at which the upper critical
temperature coincides with the lower. “"Eutectoid” steel
is entirely pearlitic.

Applied to crystals, one with an atom at each corner and
ane in the centre of each of the faces of the lattice.

The act of welding together bars of Wrought Iron to make
billets.

Matallurgical name for the almost pure iron observed in
the microstructure of steel. (Not to be confused with the
“sintered ferrite” used for coil cores etc in electronic
equipment.)

An oil-hardening carbon-chromium alloy steel compoun-
ded to reduce distortion on quenching to a minimum,
Sometimes known as “ground flat stock”,

Aggregates of crystals. These form when the metal
solidifies, but may change their shape and disposition as
it cools.

Any process which either reduces or makes more uniform
the size of the grains.
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High Carbon Steel

High-speed steel

IZ0D number

Lattice
Liquidus
Martempering

Martensite

Melting Range

Muffle

Meutral Salt

Nodular

Normalise

DIHF & TI‘

Pearlite

Puddling

ANlc)

Recalescence
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Steel with a carbon content above 0.85%. More
accurately, steel which shows free Cementite in the
microstructure.,

Usually a high-Chromium high-Tungsten alloy with
enhanced hot-hardness, but may not be a steel at all.
“Stellite” is an alloy of Cobalt, Chromium and Tungsten,
with no lron content.

The energy in foot-pounds required to break a standard
specimen under a prescribed impact load. A test for

shock resistance.

A framework of imaginary lines joining the location of
atoms in a crystal.
The temperature above which the metal is entirely liquid.

Heat treatment process designed to reduce distortion on
large or complex components. Fig. 45.

The structure formed when a combination of Austenite
and Cementite is cooled too quickly to allow the normal
transformation to Pearlite.

The range of temperature between the Solidus and the
Liquidus, where the metal is in a pasty state, with both
solid and liquid present.

A furnace in which the work is protected from the direct
impingement of the heating flame. It is now applied also
to most electric resistance furnaces.

A salt which is used as a heating medium but which
neither carburises nor decarburises the metal.

A condition where the Iron Carbide grains are in the form
of nodules rather than the normal needle-like shape.

Heat treatment intended to restore distorted grains to
their normal shape. A form of grain refinemeant.

Qil hardened and Tempered.

The normal transformation product when Austenite is
slowly cooled through the lower critical temperature. It
consists of sub-microscopic “plates” or laminae of Ferrite
and Cementite.

The process of converting cast iron into wrought iron.

Rockwell Hardness test number, on the "¢’ scale, the one
normally used for hard materials.
The name sometimes used for the critical temperatures.

S.A.E.
“8" Curve

Scale

Solid Solution

Solidus
Stesl

Silver Steel

Tempering

T.T.T. Curve

Transtormation

U.T.S.

V.D.P.

Wrought Iron

Yield Point

gncienr I:nr Automotive Engineers (USA).

urve showing transformation rates n

and tima‘{Fig.'gl 6. S Senaratums
Iron Oxide forming on the surface of hot steal,

T!m condition where the atoms of one solid substance ars
disposed within the crystal lattice of another. Analagous
to the more usual liquid solution.

Temperature below which the metal is entirely solid.
Iron-carbon alloy with a carbon content between 0.01%
and 1.7%. Before about 1855 the term was universally
applied only to "High Carbon Steel” as we know it.

High Carbon Steel to BS.1407. So-called because it is
usually ground and so presents a “silvery” appearance, in
contrast to the normal “black™ tool steel of earlier days.
Typically 1.1-1.2% Carbon, 0.3-0.4% Managanese, 0.4-
0.5% Chromium, 0.1-0.25% Silicon, and maxima of
0.35% Sulphur & Phosphorus.

A reheating process which modifies the structure of a
E‘iaaHreated steel. (Note that in early books the
Temper"” of a steel often referred to its carbon content).
“Time-Temperature Transformation Curve — the S
Curve of Fig. 16. A chart which shows the time taken for
constant temperature transformation of steel,

Any change of the microscopic structure or chemical
composition of steel brought about by heat treatment.

Lllt_irnate Tensile Strength. The stress at the breaking
point, measured under prescribed conditions on a
standard test piece.

Vickers Diamond Pyramid. The VDP number is a measure
of the hardness of the material.

:I‘ha predecessor to steel. Made by decarb urising cast iron
in the puddling furnace.

Tl*'!eq stress beyond which metal will not return to its
onginal length when the load is remaoved,
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Aciculdar grains

Airfgas torches

Allgy steels

Annaaling

Arrast point

ASME.

Ausiempearing

Austenite

Austenising temperaturs

Bainite

Bench, heat treatment
Bessemar Stesl
“Best” wroughtinon
Biackamiths hearth
Hitastfurance
Blazing off

Blister Steet
Blowlamps
Blowlamps flame
"Blueging steal

Body cantrad crystal
Bricks

Bricks, heating
Brine. proporiions
Brinafl test

British Standard Steal specification

Burns, from hot salt
traptment

Carburising
Cast Steal
Cementation
Cementifa
Clothing, protective

Coll springs

Cold junction

Cooling rates

Constantan

Control systems, furnace
Cosmatic heat treaiment
Critical temperature
Crucible steal

Crystals

Curie point

Cutting speed, carbon steel
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64, 67 Case hardening
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Dannamorra
Decarburising

Die guenching

Die 1emparing
Distortion

Domestic fire heating

Electrical safety

EMF of thermocouples
"E.N" number

Energy controllar
Equilibrium disgram
Eutectoid steal

Face centred crystal
Faggoting
Farrita
File sieal
File test, hardness
Fire axtinguisher
Fira risks
Forging
Frathing lof salt bath)
FURMNACES
Blast
Elgciric
Gas fired
Muffle, gas
Muffle, home made
Puddling
Radiznt
Salt, high temperature

(3as furnaco

Gas wrches

Gauge stock

Goggles

Grains

Gratn refining (carburising]
Ground Gauge Stock

Hardness comparison, chart
Hardness comparison HSS and wolstesl
Heat testing

14

10
7.17.118
29

B9

103

102

B2

104

7
58
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80
94
10
a3
2B

57,90
54
24,120
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74

24
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114
B4

Y
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Heat pipe

Heat treatmaont for toughness
Heating time

High-speed stesl
Homa-made muffles

Hat junction [Thermooouphel
Huntsman progress

Insulating bricks
Ingulating waol
Insulators, thermacouple
Iron
~carbide
Pig
Wirought
Iron-carbon eguilibrium diagram
20D number

Kasenit process
Kiln, gas-fired

Lathe tools, carbon sies
tempearing
Liquidus

Martempenng
Martensite
Millivaltmatar
MOH s hardnoass =cals
Muffie — Electric

Gas fired

Hama madsa
Meutral salts
Micharome wirae
Mommalisiteg

Cpen fire heating
“Grmamental Turning” 1ocls
Overheating

Oxy-acerylene

Paraffin blowlsmp
Pearlite

Propane torch
Puddling
Pyromotars

Quenching, in brine

ire il

B WA TET
COuenching techniques

Radiant element furnace
Recalescenca
Re-hardening
Resistance wire
Rockwell hardness test
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7
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789120
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109
B4
59
57
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121
108
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81
74
37
53

55
11,120
55

120
107

3
32 38
N
38-40

93

120

73

101
85,1186

Rototherm thermometar

SAE.

S-ourve

Salt bath, Austenising
Safaty
Tampering

Scaling

Scleroscope

Seegar Cones

Shore hardness test

Silver steal
Annealing
Austenising temparature
Spacification
Tempering

Slag

Solid Solution

Solidus

Spirit lamp

Springs

Steel, Alloy
Carbon
Casshardening
Cast or Crucible
Fila
Medium carbon
Hardness and Toughness
Mild

Strass reliaving

Surface hardening

Temperature
Annealing
Austanising
Colours (platus)
Holding timas
Indicator crayons
Judging
Mormalising
Stress relleving
Tamparing sea bakow,
Tempering
Colours
Latha ools
Toals, various
Time
Thampcalples
Thermostat control
Through hardening
Time-Temperture transformation
Tangs
Tool materials
Torches
Tarch flama lemparature
Transformation diagrams
Tube furnace
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31,73
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BB 1186
25

71

29

121

42

8
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121
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24, 77.79
25
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BE

11

29

75
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a2
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Vickers Hardness Tast (VDP) BE, 116 /’i - l E :'
Wire, electric heating 101 B = -
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Yild Point 123 l] D({ Yia O&__dl
Carbon context of tool steols 27 |
Colour & Temperature,
{ TO0-1000"C 30
215-330°C 43
Hardness. Comparison of scales 1186
| Typical values 88
Temparatures.
| Annaaling T
Austenising 29
| Grain refining 67
MNormalising 72
Oven, domestic 45
Quenching 29
Tempering 42
Thermocouple wire, EMF 108
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