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III

Two decades 8;0, the science of metellogrenhy
vas sliost unknown, eltho in many other lines of invest-
i;gtion, tl:e wicroscone had become & necessity. It is only
within the lest few yenrs tret its velue in tlhie direction
hre been recognired. In sdite of many crewbecks, the
work huas mede reiarkable progress, narticulerly during the
late wer,

This work wes underteaken with the thougnt in
nir.d, that if the microscone coulcd be used in thie work
for r-ughly amnroxiveteqennalveés, it mizat aleo be used for
rore exact work., If tie solution theory, es edvanced at
present is correct, then it would be necessary only to over=-
coxe the mechanical difficulties, in order that we wight have
en sccurate method for deterwining cerbon, by this mewns,
within a degree gnod erough for com:erciel snecifications,
or even closer., In addition, the anelyvst cen get a
glicpse of the nhysical make up of the metel, which is imnos-
sible in o cheumical analysis by combustion, as here the first
requireuent is tre destruction of the existing structure,

In t.e first chaoter, the autror hzs endecvored
to give 2 brief ewasary of the enlution tleory and the

apolication of the phase rule to it, in so frr es it annlies



Iv

to metels and tieir mlloys, This :oncention of it hes been
taken from the works of Howe,Fsy,Saueveur and others, vio
nave done wmuch for the advearncenent of the science.

In chapter two, by simnle matheraticel cslculations
end the annlication of tie snlution theory, the reletion-
exieting betwecen the couponchts and constituents of slowly
cooled steels is discussed. Here it is shown that, thet
relationship is very definite and ex-ct, and thet if the
various concstituents cennot be neasured, it is due to
mechanical difficulties,

Chapterstnree end four dezl with the anvaratus
and the actuel deta collected. It will be seen that the
results ottained justify the effort. Before any of the
vork was written un, the metliod wes tried in the la?ﬁntory
by the authors classes. The results ohtained were very
good, the mein flifficulty for the begh&rw;student being
the esti..ation of the arees covered by the various
constituents, This, nftier a little pretice was overcowe.

If thie author, nme by this work, added a nite
to the great fund of knowled,e bcing gathered to-gether

elong these lines, he will feel aunly reonaid,






CHAPT:K T

In the year 1878, VWillard Gibbs, at that time Professor of
Physics in Yale University, enunciated the Phase Rule, one of the
most notable contributions ever made to physical chemistry. Altho
the rule applies to every system of materials with which we come in
contact, it is particularly useful in h2lning us to interpret
the constitution of the metallic alloys.

The phase rule decls with the equilibriua of ¢;us4t2.a8 and is
generally expressed as follows-

F=0+2-P
Showingz the relation existing between the degrees of freedom (F),
the number of components (C), and the nurber of phases (P), As
these different factofs are capable of various definitions, the
following are given as applyin, to the rule.
First-

We will consider a system in equilibrium when it is both
physically and chemically at rest, that is thereis no wmolecular
motion, neither are there any compounds being broken up, or being
formed. We have two main tyvnes of substances, namely, homogenous
and heterogenous, and alloys of metals exist in both conditions.
Howe suggested that we call the homogenous alloys,"metarals’ .
because of the close resemblance between their constitution and -
those of rocks, while the teran "aggregate" is used by Saueveur to
designate heterogenous alloys.

Second-

There are taree indenendent variebles which may affect



the equilibriun of a system, namely=-

1 - Pressure

2 - Temnernture

3 - Concentration
If we can vary one or uore of these conditions without causing
a chenical or physical change, then the system is said to be in
stable @quilibrium, but if the variation of one of the conditions
causes a change, then the system is said to be in unstable equil-
ibrium. Often & systeam will fail to underin a transformation when
the chenge is due, in this case it is Baid to be in a metasteble
condition of equilibriun.

Third-

By degrees of freedom, we mean the nuuber of tne taree
variables, temperature,pressure and concentration, which uay be
changed without disturbing the equilibriua. If the systea has
no degrees of freedom it is said to be "unvariant", and if it
hes one degree of freedom it is said to be Bunivariant", while if
it has two degrecs of freedom it is said to be"bivariant!

Fourth-

By phase is meant the homogenous physically dieting-

uishable and mechanically separable constituents of a systen.
Fifth-

By components, we mean thoseconstituents, the concentire~
tion of which can underzo indenendent variation in the different
phases., Howe gives a clearer definition,"those free elements and
compounds which in the nature of the case are undecomposable under
the conditions, and thus play the part of elements. It is some-
times difficult to deterumine the number of components in & system

, unless the following rule is applied.



As the comdonents of a system, there are to be taken the smallest
nuaber of independently variable constituents, by ..eans of wuich
the composition of each pnhase narticipating in the é;use of equil-
ibriun can be expressed in the foram of a cheuical eguation, In "~
the caseof alloys, such difficulty does not arise, as the co:apon-
ents are alweys the constituent metals, or some simple compound.

Wnen cealing with alloys, the iafluence of pressure is gener-
ally neglected, because of the fact that they are so feebly volat-
tle, and are taus subject to atmospheric pressure. If the press-
ure is eliminated, we necessarily reduce by one the degre:. o

freedom, so that tne rule becones-

This limits the nuuber of vpossible pheses, for an alloy in equil-
ibrium, made up of X metals cannot heve more than X phuses. If it
.t 20 ¥4V pheses, the rule becoumes-

F=X+1-(X-1)=0
and the alloy would not be in stable equilibrium, on the other ham
if the alloy had X-1 ohases then-

F=X+1-(X-1)=2

and the alloy would have the m&ximuwn number of degrees of freedom.

PHASE RULE APPLIED TO ALLOYS
In general the uetallic elements umay exist in either a liquid
or solid state, and the study of what occurs as they pass from one
state to another, brings in the application of the phase rule, Ve
know that if a pure metal in the liquid stete is gradually cooled
to a solid state, at the teuperature at wnich the change takes

place there is an evolution of heat. If we are .easuring the dropm



in temperature by .means of a suitable pyrometer and plotting a
curve, using time and temperature as the coordinates, the curve
would look lixe that piven in Fipure 1, Plate 1.
The portion BC of the curve shows where the change of staote occus
there being an evolution of heat. As there is only one metal,
there can be only one co:zponent, but three phases are nossible,
(1) liquid metal, (2) solid metal, (3) alotropic forus of the o
801id metal. In Figure 1, Plate 1, above the point T, we have
all liquid, therefor one phrse and the rule becones-
F=2-1=1
That is the systewm is univariant, therefore we can alter its tem
teaperature within wide limits without disturbing ite equilib-
rium, At the teuperature T, we find crystals foraing in the
liquid, thus we have two phases present and the rule reads-
F=2-2=90
and the system is unvariant. If we either raise or lower the
teanerature, we will cause the disanpearance of one phese og the
other. BRelow T, the system is entirely solid, that is the number
of phases is again one, and we have-
F=2-1=1
the systeu being univariant.

Now let us turn to binary alloys. That is, those alloys
which are made up of two metals. In thie case we have two
components and the phase rule reads-

F=2+1-P or3-P

First let us examine the cooling curves of a binary elloy.
Here we have three cases-

(1) - Alloys soluble in each other when both

hot and cold.
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(2) - Alloys soluble in each other when hot, but
insoluble in each other when solid.

(3) - Alloys soluble in eech other when hot, and
partially soluble in each other when cold.

Let us breefly exawine case 1. A typicel cooling curve of
such an alloy is shown in Figure 2. Plate 1. As the alloy cools
from A to B, we have a steady drop in the curve. When the point B
is reached at a temperature T, insteed of getting an evolution of
heat enough to hold the temperuture constant, there is a slowing up
only, the alloy graduelly becoming solid, but not entirley so till
C is reached at a tempersture T', From C to D we heve a normsal
cooling curve. From this it is shown that between C and B, there
is a graduel: precipitetion of crystals eand not ¢ sudden one &s in
the case of a pure metal., TFijure 7,Plste 1, we have the cooling -
curves of a series of alloys of the same two metals, varying from
100 % of A to 100 % of B. At &, the curve is similar to the one in
1, a',a",a'", are similar to thht in Pigure 2, and at a™" the
same as Figure 1, If we connect b,b',b",b'",b"", and b,c',c",c"",
b"", we will get a curve that can be used for any alloy of the
metals A and B. However in this case we are attempting to g‘ot
both time and composition along the same line. Let us eliminete
the tidme factor, ploting b's and c's directly under each other.

Our curve then is shown by Figure 4, Plete 2. From this curve we
can study the mechaniusm of solidification. Above acb everything
is liquid and below adb eWerything is solid, while within the area
acbd we have the transformation of one state to the other. If
everything above acb is liquid we have but one phase and

F=3-1=2
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Which siaply neans that hoth the concentration ~ad the teuperature
of the liguid may be chznged within wide limits without disturbing
the equilibrium of the systeam, or which in this case means solid-
ificetion. The same rule applies below adb, except that here both
teaperature and concentration may be changed without causing the
alloy to melt. Within the area acbd, we have two pheses present,
liguid and solid and the system ie univarient, that is only the temper-

-ature or the concentration may be varied arbitrarily. In Figure
4, plate 2, let us consider an alloy of the coaposition R. As the alloy
cools to the poin y! crystals begin to precipitatiie out, the comp-
osition of which at the temperature y', is snown by the point x'.
If the point x' does not show the cohaposition of the crystcl, then
soxae other point on the line y'x' wust show it, Let us suppose
that the composition lies somewhere to the left of x', then it
lies within the area acbd and the crystal itself must be a nart
liquid which is impossible, while if it lies to the right of x'
it must have becnzme solid at a hizher temperature than y'.
Therefore it aust have a composition shovm by the point x'. As
the teaperature slowly drops the composition of the crystals
chenge froa x', to x*", while the composition of the liquid bath
shifts from y' to y'", and the last drop to solidify has the
composition y'",. If the alloy is zradually cooled below adb,
difusion will gradually takes place in the solid solution, so that
all the crystals will have the composition R', In other words
within the area a ¢ b d, if we vary the teuperature, the concentration
will vary accordingly, or if the concentration be varied the temp-
erature will change.

Case 2-

If we have a rnolten alloy falling under this case and



i



.
.
.

vy
’ t
| . :
' T

¢
. I i
) /
)

i




3

plot the cooling curve, it will take the form given in Figure 5,
Piate 2. Here we havelwp perte to the curve where solidification
takes place, namely BC and CD., Also we find that no aatter what
the percentage of each constituent the line CD always falls at the
same temverature.

Case 3-

This is simply a combination of cese 1 and 2. That
is metal A will hold some of metal B in solution and B will hold
some of A in solution, If we plot the cooling curves of a series
of alloys of both A and B, omitting the time factor, we get Figure
6, Blate 2. It will be seen that at the point b, or the eutectic
we have a percentage of each metal where soliflification takes
place instantly. At this point we have two phases in the solid
state, consisting of two solid solutions, and also one liguid
phase,

Taking an alloy of a composition R, above a b ¢,
we have all liquid, therefore one phase and 2 degrees of freedom.
When the temperature L is reached, solidification begins. This
means two phases within the area a b e, and the system is univar-
ient. The first crystals that form are solid solutions of A and B
having a composition 8. If we shift the temperature to S'L', the
couposition of the crystals change to 8', and the comnosition of
tae liquid bath becomes L'. If we lower the teuwperature to eb
the composition of the lighid becomes b, but below eb, everything
is s0lid, therefore we get sudden precipitation of the liquid
whose composition is denoted by the point b, The structural
composition of the solid material would conseist of crystals
of the solid solution of B in A, these being well formed, if the

coolingteol place olowly, and an aggregate of finely divided sol-
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utions of B in A and A in B, the coupositions of each being shown bjp
point G and H. However we still have just tiwp phases, therefore
the system is univariant.

As the iron-carbon alloys belong to the class of binary
alloys, the constituents of which are partially soluble in each
other when c¢old, let us examine their fusibility curves, and
apply the phase rule to them, In this case we havé several allo-
tropic changes as well as changes of stete., These forus can be
grouped under nine heads as follows-

(1) - Liquid iron

(2) - Liquid FesC

(3) - Solid solution of Fe;C in Gamma iron

(4) - Solid gamma iron

(5) - Solid beta iron

(6) - Solid alpha iron (ferrtie)

{7) - Solid solution of C or Pe,C in beta iron
(8) - Solid F050 ( cementite)

(9) - Graphite
Figure 7, Plate 3, gives the cooling curves of the iron-carbon
alloys as far as ' .4 % C. Let us apply the phase rule to it.
Above the liquidus, we have only one liguid phese, and consequently
2 degrecs of freedom for

Fe3.1=2

Within the area LCE, we have two phases, naumely liquid solution
nplus solid solution (austenite) and therefore only one degree of
freedon.

Within the area LAHDS, we heve but one phase, a solid
solution and here the system is bivariant., As we reach the point

the point D, the system becomes non-variant, for here we have
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austem ite ferrite, and cementite as the three phases. In the
area DSS'F we have two phases, namely austenite and cementite
and the system is univariant. Within the region ABH we have
beta iron and austem.ite and the system is univariant, while
in the region BTZDH, there are also two phases, namely aus-
teni te and alpha iron, the systea still remaining univariant
while finaly below CDF, there are several possible cases.

Case 1! - The cementite formed during the solidification
and cooling remazins unchanged and we have a univariant system
the phases being ferrite and cementite. The system is how-
ever in a metastable condition. This is the condition of the
slowly cooled steels of comaerce.

Case 2 - The cementite has been completely changed over
to ferrite and graphite, giving a condition of stable equil-
ibrium,

Case 3 - The cementite has been partly decomposed into
graphite, thus giving three phases, and therefore a non-
variant system, this being the condition of the slowly

cooled gray cast iron of conmerce,
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CHAPTER II

We find that in dealing with metals, particularly
in the solid state, the time factor in cooling plays an important
part in our final structure. If we wish to obtain material
fron which we can pick out the different components, by means
of a medium powered microscope, it is necessary that we allow
the metal to change its state slow enough, that the differ-
ent components hove time to adjust their crystals. At the
same time, we cannot allow t00 long a neriod on account of
thne expense involved. As tunis work deals only with carbon
steels, I will outline briefly the results produced upon
the metal by differmnt rutes of cooling.,

Wnen a pe¢ce of steel is in the region LSTHA
Figure 7, Plate 3, it is composed wholly of austeni.te and is
in the solid state. As it passes thru the unper critical
range, there is a change of state, from one phase to two and
at the point D, we have three phases present. On account of
the material being in the solid state, diffusion takes place
much more slowly, thus requiring a longer time for the reaction
to complete itself. This means then that we have a change in
cyystaline structure, If the steel is allowed to gradually
epproach AHD, and graduelly pass thru the transformation points
sufficient time will elapse so that the new structure will
be fairly perfectly formed into its basic structural
constituents, On the other hend, if the time is greatly

shortened, then the crystals will not have time to reform
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before the metal becomes so cold that movement is impossible

or at least almost infinitely retarded, and we have a structure
from which the components cannot be easily picked. However
this may increase the value of the metal from a coumercial
standpoint for certain uses, I have attempted to show this

in Figures 8,9,and 10, Plate &,

Let us take for incteince a steel whose comnosition
is R, Figure 11, Plate 48, newcly 0.5 % C. As we cool it to
1, the first change from the solid solution tskes place,
ferrite being thrown out from the crystels of austenite, thus
meking the remeining sucterite richer in Feic. If these
ferrite crystals are allowed to grow gradually, they will
get a chance to form & fairly cefinite structure, but if we
suddenly stop this growth, by cooling the vwhole mess sudden-
ly, then they will be toe fine to distinguish cleerly by the
usual means, Ont the other hend if the growth proceeds at a
rorrial rete, more ferrite will be thrown down, and segregeate
in lar;e crystale, till we reach the line CD, when there will
be a sudcden precipitation of the ebtectoid mixture of 1 part
cementite and 7 parts of ferrite, forming a fine sggregate.
Figurc 12, Plate 4b, shows this teking nlece in five steps,
first eustenite crystels, lastly ferrite and pearlite.

As the range ©0f tempersture Lecomes smeller, where precipi-
tation cen teke plece, that is ez we apnroach the eutectoid
point from either direction, the cooling thru this range
rust be morc gracual if good results are to be obteined.
However some pesrlite is likely to be caught in very thin
films between the ferrite, even with the slowest cooling

poseible,
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If a definite relationship can be established between
the percenteges of these constituents and the percent of Carbon
present, we will have a simple and accurate method of determin-
ing the percent of carbon, Commerciel carbon steels are never
pure alloys of iron end carbon, end the emount of the imputiiee
affects both the critical points and the position of the
eutectoid point. However the amount of impurities is limited
by the specifications under which the steel is purchased, and
for carbon steele of fair grade, the amount allowed will not
introduce enough error to cause any trouble,

In the case of hypo-eutectoid steels tne relation-
ship between the structurel and chemical composition as re-
gards carbon, may be found as follows-

¥e know that the whole mase ie composed of ferrite
and pearlite, therefore-

Ft+ P =120
Where F = the percent of ferrite and P = the percent of
pearlite. Also ell the carbon is conteined in the pearl-
ite, therefore&

E/122xP = C
Where k£ = the percent of carbon in the peerlite and C = the
percent of carbon in the steel. Also es the cerbon is
present in the shape of Fejc, by molecular weights Fe50
contains 6.67 % C.‘ We do not however know the exact posit-
ion of the eutectic point, but simply that it lies very close
to 0.85 % C, the exact ~osition devending upon the chemical
composition and the heat treatment the p#ce has received.
Assuning that it is 0.85 & C, we have

6.67/100 x © C = 0.65
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¢ C = 100/8 67x0.85 = 12.74
or the ratio of cementite to ferrite in the peerlite is about
1! to 7, which places the eutectoid point at 0.834 7 C. From
this we can essily calculate the structural compoeition of
a hypo-eutectoid steel., The totel cementite will be = to 15C
and there is eight times s#s much pearlite as cewzentite, we will
heve the total neesrlite = total cementite time & or P will
equal 120 C, Figure 13, Plate 5, gives the results of plotting
the percent of pearlite for any percent of carbon. In the case
of hyper-eutectoid steels we have only free ceaentite and
pearlite a:ud here

P+ Cm = 100

also B/1CC P4 6,67/100 Cn = C
as all the ferrite is contained in the pearlite, and therefore

the total ferrite = F = 7/3 p,

or 7p=8/7TF, butF= 100 - Cnm
therefore P = 3/7(100 - total Cm)

but Cm = 15 C

substituting P = &/7(100-15C)

or P= 114 - 170,

These values are also to be found in Figure 13, Plate 5, as well
as the corresnonding values for ceumentite, total and free.
From Figure 13, we can therefore determine the nercentage of
the structural constituents. For instarnce, a steel containing
1.2 5. C, contains &2 % P and 13 % Cm, while a steel containing
0.5 % C, has 4> % F and 60 % P.

On the other hend we can reverse the use of the
diagram. That is if we know the nercenteage of the structural

conctituente, we can determine ‘the vercent of Cerlon. For
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exauple, a steel containinz 30 ¢ of P and 70 % of !F, contains
0.25 % C. In order to make the resding of the diagraa more
siaple PFigure 14, Plate §, has bsen drawn. Here the pearli‘e

8 given in one continous line, as are also the other

.

constitusnts, in order that the reading wmay be aore easily
done.

Thus we heve a clearly established relationship
existing between the structural coavonents and the perceat
of carbon preseat. The only reaaining difficulty is to
meusure the vercenteges of the strucdtural coastituents
9impdly aad accuralteky. I this can be done, we will have
a .iethod of deteranining the carbon content, which will
be & great aid in chiecking the chemical conmposition as
deteramined by the combustion method, if indeed it does not

tell us far more than the latter.
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CHAPTLR III

In order tnat a clear understending .aay be had of
the methods used in the following work, a short description
is ziven below of tihe annarutus used. None was used
excenpt sich as wight be found in any fairly well ejuipped
la:rgtory. Tiie saaple to be tested was pnlisaed in the usuel
menner, using ¢SF eluadum on broasd cloth for the final polish-
ing. The sneciaens were etched with a 9 % solution of [INO

5

in C2H50H. Two tynes of microuscones were used. The first
will bear cescription, as it was reconstructed frome a regular
instruzent. In fact this one was used {or all the work,

tae regular ametallurgical microscone not being delivered till
late in the spring term. This latter machine was a Bausch

1

and Lonb rejular OCk with a .echanical stage and all the necessaly

attachuents., This ways zmounted upon a canera uade by the saue

firm, liznt being furnished by a new tyne arc, with an aspheric
*

condenser. This outfit is shown in figure 1., Plate 27.

A piciure of the nomemnade apperatus is given in Figure 16, Page

27. The nicrnscopne vwas fitted with a Leitz dark field illuu-

inathrr, the substage removed and in its place was substituted

an electro .negnet, capeble of movement in two directions by

means of slow notion screws, Lignt was furnished by a Leitz

Lilli»ut ars laan, fitted with & bulls eye condenser.

The lamp and umicroscone were .aounted udon a board and the

image thrown czeinst a clear yglass, fitted into a sketching

boerd, suonorted by a nickeled rod, the board being crnoable

* YHE NEw micnoscope did net come til
May W91
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Plate 27

BOTH OVTFITS MOUNTED

ON THE OSAME BASE.

METALLURGICAL  LLAD.

FIGURE 17

SAME AS ABOVE, SHOWING
DETAILS.

M.A.C



of movement on the rod, and also horizontally around it.
The tracing paper was slinsped under suitable clips on

the board and the iuage traced off, This forued a con-
venient and easy aeyhod of sketching the structure of the
pegce, It was found that a megnificetion of between 100
and 200 diameters, was great enough, if the sample had
been given proper treatment, so that the various consti-
tuents could be easily distinguished, and the outlines of
tiie cryctals traced with a sharp pencil.

There are several factors, which will, if not
taken care of, produce results far from right.

Case 1= Improper heat treataent.
(A) Too rapid cooling.
{B) The temperature not being carried above the
upner critical point,
Case 2 - Improper et;hing and polishing of the surface.
(A) Over etching
(B) Spoiled etching solution
{¢) Improper drying of the specimen
(D) Poor polishing
case 1 - {(A)

If we cool too rapidly, we will get a structure =
which shows that the ferrite, if it is a low carbon steel,
and the cemnentite, if it is a high carbon steel, are throwm
out suddenly, wita the result that the crystals become
jagzed and sharp and poorly formed. This is shown in Figure
18,Page 30 and in Figure 19,Page 30. These pictures show

2 medium and a low carbon steel. Bothwem cooled, by siuply
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removing the pieces from the furnace end allowing them to cool
in air. The temperature of the furnace being About 1700

degrees F.

Figure 19

Magnification of each about x 120
The effect of under heating is shovm in Figure 20, this being
the same sample as Figure 18, but the temperature at which
the sample wes treated was about 1000 degrees F. It will be
noted that the structure of the piece is the same as that of

the specimen when rexeived, this being shown in Figure 21.

Figure 21

Heated to 1000 deg. F As received

Magnification x 120
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Case 2 - [A)(B)(C) If we allow the epecimen to remain

in the etching bath for a long period of time, as the action
of this bath is one ofcot?ma')n, the mere outline of the
crystals will not shnow, but the different crystals themselves
will be eaten away, causing blacking of tiie surface in spots
tnd areas will appear vearlitic, which are really ferrite.
The actual error introduced will be shown later on. If the
etching solution has been used a nu.ber of times, it will
contain iron salts in sufficient quanity to produce

deposits uvon the surface, which will give a very different
structure tnan t.ae reel one, This will also introduce error,
Then if tie snecimen is not dried rapidly, filmms of oxide
will denosit , waich will spoil the surface for carbon
deterazinations,

(D) If just the carbon content is desired, then the
surface need not be entirely free from scratches, all tho
very few should be present, If we desire to keep a peréd
menant record of the sauple in tne form of a photogreph

, then the surface must be free from scratches,

In sone of tniéd workx we wished to know the actual
size of the crystals, and also the distance covered by the
drawing., The wethod used, whilec not the most accurate, gave
good results and wes very simple., The draw slide from a
slide rule was inserted under the microscope, instead of the
specimen, and tihe instruanent focused on the log seale.

As tne divisions came to a sharp point, even at 200 dianmetes
the distence could be accuratly wmeessured betwcen noints,
and this distance measured a& -~inst the actuel scnle. The

nwaver of times yreater,the cistance between points thentt
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one division of the log scale would give the mugnification.
If this was found to be 160, then by a simnle calculation
one inch of screen represents 1/1€) of an inch on the
snecimen or B.0062". One squere inch of the screen then
.eans 0.J300050 eq.in. of s»ecimen surfece. The cross
section naner usecd contains 20 lines per inch, therefore
430 areas per sq.in, If & crystal covers 50 areas on

the section neper, the actual crystal covers 0,l)0050

times 0.125 = 0.0000043 8q.in of surfece,
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Xeeping in mind the errors which can eusily
occur, I wished to formulete a .:ethod if possible, by which
the carbon content of a given sauple might be determined
by an exemination of its structure thru the microscope. This
rethod must be simple enough to be used by the students, and
at tne seme time the results obtained must check coubus-
tious run on the s-ue ssmple,
First six tyn»nical samnles were selected. These
were of Carpenter steel of very good cuality, and gave a
range of carbon from low to 1.2 ¥, The samdples were
nunbered as follows- A,D.E,F,G,H. The above samples were
enalysed by direct coubustion, The ebsorbing mecium being
Bakers Soda Lize for Coubustions and consisting of
NalH = 37 %
ca(oﬂ)2 = 45 %
Hy0 =15 %
Filings were telen frowu several bars at various places c..d
well mixed, so thot the results obtained would be general
as far es possib.c.
The results obtained are shown in Table 1, Page zh,
T™:ia anelysis falls within the limits usually required. Then by
the wethods oreviously described the carbon percentage
was deterwined.
Aceordingly a Hleze was cut et random from onp

of the bars, marked sample A, treated and tested.



Table 1

No. of % C % C < c

Sample Trisol 1 Trial 2 Average
A 0.16 0.18 2.17
D 0.28 0.51 0.30
E 0.64 0 67 0.65
F 0.78 C.80 C.7%
G 0.88 0.90 0 &9
H 1.19 1.21 1.20

The averege percent of cerbon was taken as the

standard velue for checking the microscopicel enalysis,
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Three paeces were cut fron A and marked A-1,A-2,A-3. A-1
and A-2, were heated to 1700 degrees F. A-2 wes c--1-0 i+
the eir A-t, slowly cooled in ilie furnace inru e periocd
of 24 hours. During the first 6 hours the temperature dropoed
from 1700 to 1200, during the remsinder of the time to 75
degrees, The samplc wes then cut in lo,;. so that the ¢nterjor
might be workec with, where no decarcuriczing effects had
taken plece. After cutting A-1, the surface wes filed and
enough filings obtained to run a combustion. This giving
the chemical composition of the steel as close to the stru-
cture exemnined as possible. The snecimens were polished,
etched witl. 5 % Hr-:o»5 and examined. The structure of A-2
was sketched upon cross section paper, within a two inch
circle. Three different voints upon the surfece were taken
, average structure being selected. Plate 7, Page 36, gives
the original drewinges under figures A-1-1,A-1-2,A-1-3, In table
IT will be found the results of the three detérminations to-
gether with the results obteined by the combustion method.
Figure 22 Page 37, gives a photogrenh of the specimen.

After poliching and etching, Sample A-2, wes
exanined and & photogrenh is giveh under Figure 25, Page 37.
It will be seen that the crystals are distorted, and overéd
lap eachother in such & menner that it would be impossible
to sketch them accuratly.

The method of deternining any given area of
crystels wes as follows. The number of squares within the
area were counted, and as each square wasg pessed, a slight

nark wes placed upon it with tne ~engil, The counts were

mede in series of 100 at a ti.e.
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Figure 22

Sample A-1

Heated to 1700 F
Cooled in the
furnace

Figure 23

Sample A-3
Heated to 1500 F
Cooled in the

furncce

Figire 25

Semple A-2
Heeted to 1700 F
Cooled in air.

Figure 24

Semple C-1
Heated to 1700 F
Cooled in air,
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TABLE 1II
Semple leated Cooled Aree of Area of P 9 C < ¢
No. to in Pearlite Circle Combus,
T1-T2-4AvV
A-1-1 1700 Furnece 221 1250 18 0.15
A-1-2 1700 no 198 1250 16 0.18 ,16-.18-.17
A-1-3 1700 v 204 1250 16 0.13

From the above table it can be seen thet the ereec
hed a maxium variation of 23 areas out of 221 or about 10 %.
But for 0.1 ¢ C it requires about 150 areas, and in the 150
there would be a maxiuz variation of 15, or this would be
equivalent to 0,01 ¢ C. Our chemical analysis ceame only
within 0.02 9, giving an average of 0.17 %, while the average
by the physicel method was 0.143 ¢, or 0.027 ¢ below that
obteined by tie cliawic:l ) ecsc, This result checked very
well with the zeneral aasalysis wale, and glvea 1a table 1,

The next p#@ e A-3, was treated as follows,

Tented to 1500 T and cooled ia the Purnsce, Thls treataent
took tha »nee.:e only a little way above the critical point,
The saaple was polished and etelied in the snuae wan:er as A-1,
and the resalis are gilven in Plate 7, Page 35. The are=s

o the diffareit points are given in Figires A-$-1, A-3-2,

and A-3-3., Figure 24, Paze 37, gives a photograph of A-J.
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From the photographs of tlie differeat saanles
taken fro bar A, it can be seun thet slow furnuce cooling
is necesvury, and that for low curibon stecls the meximvm
teaperabure should be above tiie upner critical point. That
temperatures between 1700 and 1730 F, will give good results
if the cooling be slow eaough,

Next sz inles D,E,G,H were glven the sane trealuent
as bar A, and the results are showvm in Table 53, The sys tea
of auzbering the different p1eces 1s the same as given for
samnle A, Thet is the letter stands for the bar nuasber, the
first figure for the pee:e taen from the bar, and the second
nwzber for the aresc of the naéce,

It will be noted on examining this date, that in
necrly every cese the 7% pf carbon by this method fell a
little below thet obtained by the combustion method. Also
that this di“fererice was very neerly constant except around
tne eutectic point. At this pnint, and for a little way on
each side of it, it is inmpossibls, even with the slowest
treatment, which could be econonically given, to distinguish
either free.ferrite or free ceaentite., I believe the reason
that the aicroscopial ansnlysis ran a little below the cheaical
was due to the fact, that in the mechaniam of solidification
some of the nesrlite is caught between the ferrite grains
and thus lies in such fine films that it can not be meessured
at the negnifisation used., In the case of high cara
steels, the ceuentitas areas were counted, and the same held
true here. If we jive each sauple the same heat treatuent,

for like carbon content, we will get about the saae error.



TABLE

Sample Hezted Cooled Area of
No. to in Pearlite

A-1-1 1720 Furnace 221
A-1-2 1720 v 198
A-1-3 1720 " " 204
Lvera_e

A-3-1 1500 Furnace 222
A-3-2 152> " " 233
A-3<3 1500 " " 218

Lveraye

D-1-1 1700 Furnece 492
D-1-2 1720 " ® 415
D-1-3 1720 ™ " 458
ivere e

E-1-1 1730 Furaace 979
E-1-2 1700 " " 978
E-1-3=- 1720 nen G68
Avera e

F-1-1 1720 Furnace 1141
Fe1-2 1720 " " 1143
F-1-3 1700 " " 1151

Avern e

III

Area of
Circle

1259
1290

1259

120
1250

1250

~
P

13
16
16

18
19
16

36
33

78
78
77
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Table 3, con'w,

G-1-1 1720 Furnace all 1259 102 0.83

G-1-2 1700 " " all 1250 100 0.83 .00 .uJ .o
G-1-3 1700 " " ell 1250 100 0.83

fvers e 0.83 R
H-1-1 1730 Furnece 1174 1220 94 1,18

H-1-2 1700 " " 1184 1250 S5  1.13 1,13 1. 21
H-1-3 1720 " ° 1172 1250 o4  1.17

Lverc.e 1.10

Il

The original tracings may be found on the following Plates,
Sample A,- Plate 7, Page 36
Saumple D,- Plate Y, Page 42
Saunle E,- Plate 10,Page 43
Sample F,- Plate 1D Page 43
Sample G,- Plate 11,Page 44

Saunle M,- Plate 11,Page 44
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The results given in Table 3, I have plotted on
Plate 12,Page 46. MNot using the aversge value for the
difference, but the maximum and minimum, for each sample,
and thus obtaining a curve which broadens out at the points
where error occurs. The true pearlite curve is also given,
as taken from Plates 4 and 5. It will be noticed in table
5, that sample H was heated to 1-20 F instead of 1730 F.
This was 80 it could be taken above the Acm line in order
to zet complete precipitatinn of the ccmentite.

On Pages 47 and 48, may be found photogranhe
of tne various sauples, showing the increcse in the amount
nf vearlite preseat up to the eutectoid point and the
cementite surrounding tae grains in thae high carbon steel,

In orcder to use the curve given in Plate 12, proc
proceed as follows-

Determine the area of pearlite at tnree different
points on the surface of the metal. Two values for the
percent of carbon will be found for each percent of strus
ctural constituents. This will give siix values in all.
Take the average of the six. If the percent of pearlite
runs over 5J, count the other constituent and subtract
from 1252, or whatever the total area of the drawing
ha»pens to be.

Now the reverse of what has been given was tried.
The carbon content of several sauples was determined in
this nmanner, and the result checked by the combustion
uethod. The results are gsiven in table 4. Page 49,

Fach of the samunles will be taken up in detail.



HHE R

P






47

Low carbon Steel, about 0.2 & X 200
Heated to 1700 F, and cooled in the furnace,

fedium Carbon steel, sbout 0.5 %. ¥ 170
Heated to 1700 F, cooled in the furnace



Eutectoid Steel, about 0.88 7 C, X 150

c,

Heated to 1700 F, cooled inithe Furnace

High Carbon Steel, ebout 1.2 ¥, X 150

Heated to 1900 F, cooled in the furnace.
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TASLE IV
Sample Heated Area of Area of ¢ P % C % C Differenee
o, to Circle P Min,MAX.Ave.

B-1=1 1730 1290 576 320 .26 .27 25 eT

.26 L) .90
B-1-2 1722 1230 357 29 .25 .26
B-1-3 1700 1230 165 15 1416 trez on edje of

sauanle

B-3-1 150 1350 295 28 .24 .25 SAME RS B-1

24 . .02
B-3-2 15X 1252 335 27 .23 .25
B=3-3 1820 1250 175 14 13 16 ‘rea on ed;e of

cminle

C-1-1 170 1250 €92 55 47 .48 48 zC o
L0 IR

C-1-2 1700 1250 541 44 .38 .39

C-1-3 1700 1250 552 Ly 37 .39 .

S=-1-1 1720 1252 168 13 .13 .15
S-1-2 1730 1250 162 13 13 .15 14 L1215

S=1-5 1730 1230 166 13 13,15

AT=3-1 172C 1250 427 34 .28 .30

AT-1-2 1700 120D 385 31 .27 .28 .27 d.oe of crnse arrcened
srnle sudmsed Lo

AT-1-3 1700 1250 405 32 .23 .29 be 1.2 ¢ 0
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Case (1) Samnle B

The sample was heated to 1700 F and cooled in the
furnace for 24 hours. The s»vecimen was then sawed in two and
tne gn*terior examined., The structure is shown in Plete &, Pagqe 5l
Figures B-1-1 eand B-1-2, were portions of the surface, taicen
on the enterior of the surface, and , and these results
check the coubustion determination very closely. In Figure
B-1-3, we have a deteraination which does not check. This
drawing was umace on the very edge of the sample and shows
that the prolonged neating #&n an oxidizing atmosphere, caused
a decarburization of the exterior of the sample.

Case [2) Saunle B

This was off the same bar as the above sample, but
as will be seen on t.e data sheet, the sample was only heated
to 1DOCOF instead of 1700 F. In this case the crystaline
structure is not as well defined, the crystals not having
had as much time to grow, and are therefore somewhat
sualler, In the case of B-3-3,and B-3-2, the results check
pretty well. Good enough for commercial analysis at least,
Figure B-3-3, again shows the effect of prolonged heating
on the carbon content.

Case {3) Samnle C

This sample was taken from the forge shop stock
from some izaterial which had been giving trouble., It was su
summosed to be about 0.6 ¥ C, Some of the bars would harden
alfri zht, others would not. Come of the bars seemed to harden
bett¥exr in the center than on the ends. The sanple tested
wes taken from the end of one of the bars. Figure C-1-2

and C-1-%, show thie true content of the bar, C-1-1
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gives a much higher percentage tian the otlier two. This
serple was taxen to snow tie effect of overetchifg, and
shows that e mistaeke in this direction cen be made very
easily. The otlier drawings chieck the carbon content as
determined by the combustion method. C-1-1 and C-1-2-3
ere found on Plate 9, Page 4<,

Case [4) Saunle &

This samnle caume froz the Gier Pressed Steel Co.
After proner treztment, thie drawings of the szmnle were made
and are given on Plate 13, Page %, Here care wezs used in
all three sreas exruined to get cherscteristic portions of
the surface. The results obteired in Figures S-1-1, S-1-2,
S-1-%, check very closely with the carbon content found by
the combustion method. 1In this particular test, The actual
time consw.ed in the onerstion. after the sample was taken
from the furnace was 18 minutes, While the time teken for
the combustion was 20 minutes. This shows that the time
consumed is just about the szme for either method.

Case (5) Semple AT

This saumple came from the Reo lMotor Co. It was
teken on the ecdge of a naece of cose hardened material, The
case wes sunpposed to be sbout 1,2 % C, but it would not
harden when quenched. On exanination, as will be seen fromn
Figures AT-1-1, AT-1-2, AT -1-3, Plate 13, Page 55, the carbton
content of the case did not exceed 0.27 %. It wes found that
the trouble wes cue to faulty pyrometers, and that tlie temper-
ature was not high enough. The szmple suggested to the author
that here a case mignt vresent it self, where the method of

determining the D of C, might be of velue. It is imnossible
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Sample of low carbon steel showing
the effect of differcat rates of cooliug on

the structure of tiie specixen,

Slowly cooled in the furnace X 150

Cooled in air X 150

Quenched in water X 150
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to determine the carbon content of the case by the combus-
tion method. for if it is only 1/16 of end inch deep, we
could not be sure that our filings:did not have eome of the
softer meterial. Yet if this method worked, the Carbon
content could be determined at any denth in the case with
ecgzand accuracy.

Consequently 4 specimens of cese herdened material
were obtained, these being hereafter designated as samples
AT,HT,HS,HR, Sample AT has already been described, Sample
HR, was foundto be cesed to 0.52 % C. The other two were
found to run to eutectoid composition. On Page 56 end 57
are shown photographs of these different svpecimens.

Plate 14, Page 58, gives a drawing of a section
of sample HT. This drewing is a good deel larger than
the image throvn upon the screen, and was obtained by care-
fully moving the paper and the ps¢ce in unison. Altho
this requires very careful work, and takes a little
experience, the resulte justy the effort., Here the specimen
was magnified 160 ) and onthe drawing the actual depth
of case has been scaled off. It will be seen that the
eutectoid composition extends in 0.0103 ", The chart at the
bottom of the plate gives the carbon content for each
helf inch of depth on the drewing or for eash 0.0031"
of actual metal.

Plate 16, Page 59, shows the case of sample *§
HS-1-1, Great care was used in meking the drewing, and the

cese had been 8o put in, that we might heve a graduel
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Sauple AT X 50

Slowly cooled from 1700 F

Sample HS X 50

Slowly cooled from 1700 F

Semple AT X 100

Outside of case

Sample HT X 50

Slowly cooled from
1700 F.
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increase in the vercent of carbon from the center out.

This is also cuown in samnle 'R, here we agsin
have the effect of decarturizin: action endon firet examin
ation it anpeered as if the exterior of the case might run
as high ms 1.4 7 C. Dut section I and O only had pearlitic
srcas of T29 and 443 out of €20. This would have uade the
carvsn content run up above the 1limit for steel. Yel it .
looked as though a very high case hed been obtained,

This tyne of exeminction ives one a very good
clue ab to vwhat hes he-mened to the rieze, en ot . r the
heat to which the miece was carrvied with the corbrizin g
wnterial used was Hrooer.

The last srcaple tried was a high carbon steel,

-

wWwileh was supposad Lo D

(6]

of =utectold compdosition.

Howsver the Lotal arca of peariite wus below 132 72, end
connidaralle cementite showed ud, Thios gave annverz oz saalpls
ar the ece of 6 % pearlite, or 1.2 5 C. The drawin_s

)

2,

far this snecimen will »e Tound on Plate 17, Pugc

71
S

Figures J=1-1,1TU-1-2~ HU-1-3,

Tahl

an

e 5 and 6, zive the results

o

- . 3 - i T <=
and S, These will he fouad on »azes U4 and &3,
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TABLE VI

Sample I3

Sectinn Area of  Area of 7P e e
Pearlite Section Min.=lax, Average

A 53 800 7 .080 .105 el
B 63 809 8 090 .110 12
c 95 800 12 120 .135 1%
D 132 800 17 155 165 16
E 165 820 21 L1990 .205 20
F 154 800 24 210 .219 o1
G 201 309 25 .220 .230 2%
H 273 &2d 34 290 .300 5
I 338 800 42 .360 .370 .57
K 374 800 47 400 410 S
L 417 850 52 480 450 A5
M 470 820 54 460 470 7

N 487 200 &2 .510 .520 o0
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Samples AT HS HT

Showing cases of different carbon content.

Photograph showing the effect of improper

polishing and etching of the specimen.



67

Conclusion-

The author hones that by this work he has given
a glimpse into a field of analytical work which at present
is almost untrodden. The results obtaimed compare favorably
with those obtained by chemical means. In the case of
material such as case hardened we can get results which
it would be impossible to get by the combustion metjod. For
the combuation would give only the average carbon content,
which of course would be useless,

The entire worx may be suuned up in e few brief
peragrapha. We know that the amount of neerlite im a slowly
cooled steel is proportio..al to the carbon content, and as
steel is an alloy of iron and carbon, whose cooling curves
nave been accurately deteririned, and als» as it is an alloy,
the cooling of which can be easily controlled, it is possible
by proper_hent treatient to cause nearly complete separation
of the férrite and pearlite in hypo-eutectoid and the
pearlite and cementite in hyner-eutectoid steel. This
statement does not apply to alloy steels. Also by using
prover magnificatiosn, thesc differnet constituents may be
fatrly well traced off and measured. The error introduced
is low and fairly constant, so that a correction curve may
be plotted, which will give results that check tae carbon

deterninetions by the combustion method very closely.
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In the range from 0.79 to 0.90 % C, it will be noted that
the constituent of which there is very little present can
not be calculated, so that within this range our error
amounts to 0.06 ;4. However tais gives results as close
as most snecifications read within this range. On the
wihole a mistake is less likely by this method, for here we
bring out physical structure, and thus the chemical
constit'ients, while a chemical analysis calls for the
complete destruction of the sa.ple, and if some constant
error should creep in, it is likely that it would not be
detected,
In order to got good results, the following
points should be observed:g
i1) - The specinen should be heated to a" least
1730 F, and slowly cooled in the furnace.
Steels above 1.0 %, can be heated to 1930
F, with better results.
{2) - The speciumen must be properly polished and
etched. For slowly cooled steels, a 5 %
03 in 02H50H, gives good results,
{3) - The different areas traced must be repre-
sentative of the whole ptece, and not of
a particular voint, unless we wish to exaamine
that particular area.
(4) A magnification of between 123 and 230 X

high enough for a properly treated sample.
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(%) - The tracing and measuring of the constituents
must be carefillly done, and the correction
curve used to determine the percent of carbon.
Count the area of the constituent which is

less than 50 .

All the negatives used in this work in the
making of tae photogriohs are on file in the author's

labteritory ot M.A C.

Preforumed in the ifetallurgical Laberatory at

The Michigan Agricultural College

ay 1919,
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