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METALLOGRAPHIC INVESTIGATION

OF

THE IRON, TRON-CARBIDE, IRON-BORIDE SYSTEM

INTRODUGTION

This thesis presents the results of certain investigations
which the author has ecsrried out during the last three years on
alloys of the ternary system iron, iron-earbide, iron-boride. The
report deals largely with metallographic features but there is
also given a discussion of certain physical properties of a group
of these alloys which is commercially important.

The system, iron~ocarbon,has been investigated and discussed
more fully than any other binary alloy. The system, iron-boron,
has also been reported upoun by a number of investigators, With
one exception, no work has been done upon the ternary system.

This is probably due to a feeling that these alloys are of no
commercial importance, Within the last three years, however, 1%t
has been shown that & certain group of these glloys is extremely
hard and wesr-resistant and that they also possess other valuable
properties, Some of these properties are a low melting temperature,
an ability to form a strong métallic hond with steel and other
alloys, and low thermsl conduetivity. This combination of proper-

ties has made it possible to flow the metal onto a backing surface
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of steel to form a thin wear-resistant welded overlay, suitable
for liners and other applications requiring wear resistance.
Because of its relatively low cost, it competes with ovher pro-
cesses such as nitriding, carburizing and chrome plating.

An investigation of the ternary system, iroam, carbon, bhoron
was made in 1922 at Gottinzen by R. V3gel end G, Tammann. Cooling
curves of numerous alloys were determined snd used to establish
equilibrium relations of the phases. The authors did not discuss
the mechanical properties, except for those alloys having s very
low boron snd carbon content. The work on the eguilibrium rela-
tions was carefully performed and the present author has been
guided by 1t in his investigation of micro-structure and phass
relations.

Some work appears in tha literature on the iron-boron systen,
the most important of which is that by Vdgel and Tammannl, and
Wever and Miller®. The work of V8zel and Tammann was in connection
with their investigation of the ternary system, which has been
discussed briefly above. O0Other work was done on this system by
G. Hannesen®, ang N. Tscheschewsky and A. Herdt*. In general, V8gel
and Tammann, Hannesen, and Tscheschewsky and Herdt sgree on the
phase relations,with some minor excepiions with regerd to trans-
formetion temperatures, Wever and Mller at Dlsseldorfl, however,

show some dissgreenent with the other investigators in the increasing
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- solubility of boron in garma iron. They attribute tils difference
to the impurity of the melts used by the first mentioned investi-
getors in that carboli, silicon, and particularly aluminum belng
present effected this difference, ylelding false results. However,
Vlever and :filler,in their investigation to determine the effect of
those olements on the sguilibrium relations of iromn and boron,
considered only smzll amounts of carbon. Hence, little information
can be obiained from thelr research with Tegard $o the ternsary
system as concerns the phase relations and none with regard to the
nroperties of such termary alloya. The effect of impurities such
as silicon and aluminum will be considered in the thsoretical
considerations in the next section, based on the investigation of
Wever and Miller.

In general it can be said, from the existing information, that
the effect of horon on iron-carbon alloys low 1n carbon is 10 increase
hardness and brittleness, resuliing in a relatively useless nroduct.
No mention has been made of the effect with higher carbon contents,

ther than the assumption that the same effect is carried to
higher carbon alloys. The writer has found by expericnce that
iron-carbon alloys with high carbon contents containing boron have
commercial applieastions because of thelr resistance 1o wear. Hence-
foerth: ia this thesls emphasis will be placed on the alloys with

relatively high earbon content.
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PART I,

THUORETICAL CONSIDIRATION

In order to give a clear understanding of the experimental results
of this research 1t isg necessary to present the phase relations existing
in the ironeiron=csarhide=iron=boride system.

The equilibrium relations of this ternary system are represented
in the ususl way by a three-dimensionsl figure with a itriangular bgse
representing the cdmposition and the vertical direction representing
tenperature. One side of the triangulsr prism rvepresents tihe binary
gysten iron-iron carblde, the second side represents the binary systen
iron-iron boride, and the third side represenis the binary systenm
iron carbide~iron boride. The various transformations ars repre-
seated by surfaces 1o the spacs ligurs.

The phase relations of the binary system iron-iron carbide are
represented as shown in Figure 1 with composition plotted as the abscissae
and tempersture as ordinates. Pure iron is rapresented at the extrenme
left of the diagram and pure iron carbide containing €.67% cerbon at
the extreme right. This system exhibits a eutectic composed of 4.2%
carbon with a melting point of 1150°C., a eutsctoid at 0.9% carbon
having a transformation temperature of 730°C. The phase fields of this
binary system are lndicated in the figure. The delta and beta transforme.
ations are intentionally omitied because of complications involved in an
already complicated system and because of thelr minor importance in the

ternary system which is to be c¢onsidered.
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The phase relations of the binary sysitem ilron~iron boride sre
represented as shown in Figure Z with compositions plotted as abscissae
and temperature ss ordinates. Considerabls argument exisis as to the
true form of the equilibrium diegram of this binary system. Figure 2
is_ the diaegram proposed by Vogel and Taemmenn which shows a sutectic with
%.9% boron with a melting point of 1165°C. This diagram also shows tha
the solubility of ‘boron in gamma iron inereases with decreasing temper-
ature to about 780°C. with a maximum of 3.2% boron. It alsc shows &
solubility of boron in alpha iron up to 0.08% boron., The phase fields
of this system are indicated In the figure.

Figure 3 shows the diagram proposed by Hannesen which is sinilar
to that of Vogel and Tammann with the exception of the compositions
and transformetion temperatures.

The results of Tschewsky and Herdt are shown in Figure 4, which is
more nearly like that of Vogel and Tammann differing somewhat in com~
positions and transformation temperatures.

Wever and Mlller propose the diagram given in Figure B in which
they show no increasing solubility of boron in gammas fron. Their
contention is that the method of melting the alloys employed in: the
previous work introduced carbon and silicon which falsified the resulis
of the previous workers. Further, the ferro-boron used in preparing
the melis contained about 4.5% sluminum thus leaving the final melts
containing about 1% aluminum, which they Teel alters considerably the

equilibriun conditions of the binary system. Henceforth in their
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researéh they have attemptesd to determine the effest of thess three
elements, carbon, sllicon, and selunminum, on: the equilibrium dlagranm
of the binary system iron-boron. To do this they situdied the effect
af each elemeat on the transformation points of iron and assumed an
extrapolation af the results in order to ohtain their disgram of the
biﬁary system.

The work of Wever and MUller can hardly be guestioned with regard
to accuracy and technique and undoubtedly their diagram is the most
correct of the several proposed. According io ¥Wever and Miller the
increased solubllity of boron in gamns iron is due primarily to very
small amounts of carbon. If this is the case, i1t would be apparent that
this condition of inecressed solubility would occur if not in the pure
iron boron alloys, then at a very short distance from the plane of the
binery iron boron system. Hence I feel that in the research work for
this thesis it is sufficiently accurate to consider that the diagy
according o Vogel énd Tammenn approsches the conditions more closely
than that of Wever and Mfiller. In other words, the surface of the
upper limit of solubility of boron in gamsa iron, line JPg of Figure 2,
- would turn sharply from the binary plane of iron boron system following
the surface as Indicated by Tammann and Vogel in their ternary disgranm,
~ which will be discussed later,

The phase relations of the binary system iron carbide and iron
boride are shown in Figure 6 as proposed by Tammann and Vogel. In

this system a eutectie is formed with about 3.2% boron and 4.%% carbon
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having a melting point at 1150°C. The system shows a solubility of iron
. boride in iron carbide With a maximum of about. l.7% boron and 3.%% carbon
with decreasing solubility with decreasing temperature.

In view of the above discussion the results of Tammann and Vogel
will be ussd to Torm the three component equilibrium diagram. Hence,
Figures 1, 2, and 6 will form the sides of fhe triangular prism, Figure 7.

In Figure 7 is shown the concentration triangle of the ternary
system (iromn-iron carbide-iron boride) i which the bloary equilibrium
Gilagrams are unflapped. In this figzure the projection of the liguid
surface is shown bounded by the three eutectic curves E1'R', Eg'R', and
Eg'R' and by the binary liquid ocurves. The peint R' io the projection
of the ternary eutectlic point onto the concentration triangle. In the
discussion to follow, points on the surfaces will be indicated by
letters without primes while projected points will be indicated by the
corresponding letters with primes. The melting point of this‘ternary
eutectic is llOO?C. In addition to the liquid surfaces, also is shown
the boundary of the surfaces of limiting solubility of boron and carbon
in gamma iron which terminate in V' along the dotted lines to the level
01 the ternary eutectiec.

According to the diagram there are three types of crystals formed
at the liquid surfaces depending upon the region in which the alloy
exists. Ve may call this surface the crystallization surface, i.e., the
surface at wiich crystallization commences. In the field A'E]'R'Eg!’
the first crystels to form will be a ternary solid solution composed of

gamma iron, earbon and boraon, which we mey designate with the lulier "IV,
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In the Tield B'Eg'R'E3' the compound irom boride (FegB) will crystallize
~upon solidifiestion at the crystallization surface over the field referrsd
to. In the Tield C'E]'R'Eg' a solid solution composed of iron carbide
and iroa boride will form upon crystallization of the melt.

The ternary solid solution T which forms in the field A'E]1'R'EgR’
changes in composition with deereasing temperature according to the
surface A'L'V'J' which we may call a melt surface, since with rising
temperature melting will begin when the temperature of the alloy reaches
this surface. This surface is bounded by the curve AL on the iron-iron
carblde diagram, the curve AT on the iron-iron boride diagram, the space
~eurve LV, and the space eurve JV. Along the curve LV the erystals will
be saturated in carbon and along the curve JV they will ve saturated in
boron, while at V the crystals will be saturated in boih carbon and boron.

Upon solidification of alleoys in the region L*V'R'E; ' the composi-
tion of the melt will move slong the surface I1REgA toward the eutectic
‘curve EqR 1n some curve until the eutectic curve is reached, %heraupon
segondary crystallizetion commences. Alleoys in the field J'WIR'Es' upon
solidifying will move along the same surface as mentisned above toward
the euteetic curve EgR in some curve uatil the subtsctic eurve 1s: resched,
whereupon secondary crystallizetion will begin, In the region Eg'B'R'
the melts will move toward the esutectic curve EgR on the surface BIgRIm
in the same way as in the above case. Tn the fielad B'R'Ez' the melt will

move along the surface BEgREg toward the eutectic curve E=R in a meunner



similar to those mentioned ebove. 1In the region N'R'Ez' the melt will

< move along the surface CEIREZ toward the sutectic curve EzR along soms
eurve until the eutectic curvé is reached, whersupon secondary crystal-
lizaetion takes place. In the field C'Zy'R'I' the melt moves toward the
eutectic curve LR along some curve until it reaches the eutectic curve,
whéreupon secondary crystallization takes plaecs.

By secondary crystallization is meant crystallizstion from the melt
in which the separation oI two types of erystals takes place at the sams
time and are in equilibrium with the melt. At the end of primary
erystallization the composition of the melts will lie along the eutectic

A

:
4 5
A‘n?ﬁ!es’na ing

e

s lying elong the =ulsciic curve ER
will be in equilibrium with solid solutions corresponding to the curve
LV and with solid solutions cerresponding to the curve MN. Melts on
the curve EgR will be in equilibrium with solid solutimms corresponding
%o the curve JV and with the compound iron boride. Melts on EgR will
be in equilibrium with the solid solution N and the iron bori&e.

A tertiary crystallization will ocecur for all alloys lying in the
composition range V'HN'B', since the melts of alloys in this field end
ia the vernary eutectic point R. The melts ending with this composi-
tion precipitate the ternary solid solution saturated in iron, carbon,
and boron; iron boride; and the solid solution N of iren carbide end
iron boride, &isce there are four phases in equilibrium at this point,
the transformation or precipitation will take place at constant

tempersture forming a eutectic structure.
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To summarize the foregoing materisl it might be well to explain
what occurs during the crystallizetion of alloys in the warious
fields and thereby clarify the conception of the various surfaces
existing ir the ternary systenm.

Consider an alloy /& in the regicn LYV'R'Ey' of Figure 8., ¥When
tha temperature of the liquid alley has reached the erystallization
surface at {1 it will be in equilibrium with & s0l1id of the com-
pogition @'V which is on the surface &LV at the temperaturs Ty
Thle solid will be & solid solution of gamma iron, iron carbide and
iron boride. A4s the tempersture decreases the composition of ths
s0lid will change according to some curve such ss drawn between 3
and a“. The composition of the liguid will change from that of /3
to that of ¥ in some curve. The line joining the s0lid and licuid
at any temperature must be straight and must also pass through the
vertical through 8. The points ¥and ¢ can easily be located if
the lsotberms are koown because only one strailght hnorizontel line
cen be drawn through 3 between the curves LV and EjR at one given
Temperature. At tempereture tp the melt y will be in equilibrium
with the ternary solid solution ¢' and the birary solid solution

¥''. As the tempersture decreases secondary crystallization
takes place. Tue¢ composition of the melt changes according to the
curve 3R and the solid solutions sccording to their respective

curves, CiN and LV. When the tempersture has reached ts the line
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connecting delta prime and delta double prime will intersect the
vertiecal through(/?which indicates that sclidificatlon has been
completed., The last mell to exlst in egquilibriws with the solid
will be at delta. The triangles formed by the three phsses are
designated as three phase triesngles.

Andther wey of considering the solidificetion from the point
y' is to consider the composition of the solid as whole rether than
to break it up into its two nhases. In this case we would consider
the line «¢'¢ to rotate arcund the vertical throush /3, approaching
delta,and Y' approaching 3 in a curved path which can be easily
determined from Xnowing the position of the isctherms. 1In this
way the lever arm principle can be applied very ¢asily to detemine
the amounts of phases ia egquilibrium at any instant.

Yow conslder an alloy & 1n the rsglon B'Lg'R' of Figure 9.
¥hen the termperature of the liguid alloy bas reached the crystal-
lization surface at t1 the melt #ill be in equilibriun with
orystals of iron bowride represonted at B'. As the tomperature
gontinues to decrease more crystzls of iron boride will form and
the compusition of the liquid will follow over the horizontal lins
¥ BY until the polnt ¢ is reached st temperaturs tg where the
primary erystallization will ve completed. AT this poind the meld

- ¢ omust be in eculldbriuwm with iron boride and the solid solution

H', With further cooling the composition of the melt will change
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according o the curve IR and more iron boride will he precipnie
tated and, in addivion, solid solution N' will nhe precipitetesd.
When the ltempsrature tp is resched the melt will be of the com-
position of the ternary eutectic and hence will solidify at constant
‘ﬁemperature and will be composed of iron boride, ternary solid
solution, und binary solld solution N.

According to the second method of consifering the solidifi-
cation as used in the previous case, when the composition of the
melt reaches ¥ and proceeds along the cutecetic surve,tihre line
connecting V¥ and B' can be considered to turn about the vertical
through 3 thus intersecting the Ez'B' and EBTRY, 3y this method
the relstive amounts of each phase can he found by the usual lever
arm lavw.

in the region LEp'R'V'J' the crystallization will be very
eimilar to the process that took place in the region L'VIR'EY! of
Figure 8 except that instead of two solid solutions weing in
equilibrium with the liquid during the secondery crystallizetion,
there will be an equilibrium between the ternary solid solution
represented by the composition along the curve JV and iron boride
8s represented in Figure 10. In this figure the three phase
triangles are given as in the previous cases. The method of
analysis is the same as in the previous cases and, hence, will not

be teken up again.
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Any alloys falling in the region L'V'J'4' will be completely
solid at the end of the primary crystallization and will be composed
entirely of a ternary solid solution of gsmma iron, carbon and boron
as represented by its position in the field. An alloy of composi-~
tion V will end its solidification in a solld soclution of gamma
iron saturated in both earbon and woron.

The above completes the discussion of the process of crystsl-
l1ization from the melts and it now remains to discuss the transe
formptions in the s0lid state.

In Figure 11 is shown the concentration triangle on which
surfaces of transformation in the selid state are projected, One
of the limiting surfaces of the ternary solid solution is given by
the projection T'Po'SV'J' intersecting the iron-iron boride binary
system in the curve JPp. In this case the solubility of boron in
gamma iron increases with decreasing temperature. Another of the
limiting swlfaces of the ternary s0l1d solution is given by the
projection L'V'EP1'L' intersecting the iron-iron carbide binary
system in the curve LPyj. This surface shows a decrease in solu-
bility of carbon in gamma iron with decrezsing temperature.

Another limiting surface of the ternary solid solution exists
in the projection U'PR'SP1'U' (U'ecoincides with A' in the concen-
tration triengle) intersecting the iron-irn horide hinary diacram
in the curve UPp and the iron-iron carbide diagram in the curve UP).

This surface is the limit of the existence of garmma iron and the
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beginning of the formsiion of alpha irom.,

In order to make these surfaces clear, let us consider them
separately with respeclt 1o an alloy within lbhe region of each, In
Figure 12 is shown the projection of the surfaces J'Pp'SV'J' and
AYT'V'L'AY, ‘The cooling of alloys within the region A'J'V'LTA!
was considered in erystallization from the licuid stste and hence
will not be repeated here. Consider an alloy ,/in the region
J'VSPo' 7', upon completion of crystallization the alloy consisted
of ternary soild solution of the composition corresponding to 3!
and erystals of iron boride. With further cooling the point !
will move towardvéfover the straight line ,»3' 83B' on the surface
under consideration. When the point /23 is reached the alloy will
consist entirely of ternary solid solution of the cpmpcsition /9 .
Any alloy within the region P,'3B' would transform in much the same
way except that in this case 3 would meet the curve PoS and
further transformation would take place along this curve which will
be explained later.

Wow considering the two surfaces which interseet in P12, Figure
13. Take an alloy /3 in the region Pp'SQ'. Above this surface the
alloy will be composed entirely of ternary solid solution as noted
from the previcus example in Figure 12, When the temperature has
deeroasod sufficiently such that the point /Qtouehes the plane

PoSP1U a selid solution of alpha iron and boron will begin to pre-
& £
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eipitate out at /3‘ during further cooling the composition of the
alpha s0lid solution will move on the curve UQ toward G. A%t the
same time the composition of the ternary solid solution will move
on the surface under consideration in some curve frmn/ﬁ to V.
When this condition hes been reached the ternary solid solution
will be in eoguilibriuwm with Q' and B'. With further cooling the
ternary solid solution moves along the curve PoS to S passing
through the point delta. At S the ternary solid solution of compos-
ition corresponding to S is in equilibrium with iron boride (B')
and the binary solid solution ' of iron boride and alpha iron,
With i;urthor cooling the reomaining tornary solid solution transforas
into a ternary pearlite composed of iron boride (B'), solid solution
of iron boride in alpha iron (Q'), and solid solution of iron boride
in iron carbide (Z'). Hence, the resulting alloy will consist of
an excess of solid solution {' and the ternary pearlite. Alloys
in the region Py'B'S will c¢ool in much the same way except that
iron boride will continue to precipitate until the curve PgS is
reached., This will produce en alloy with an excess of irom boride
with the ternary pearlite.

Consider now an alloy (3 in the region Py'S5Q' of Figure 14
which will be composed entirely of termary solid soclution sbove
tde surface in question., When the temperature has decreased such

that/B touches the surface under consideration, solid solution of
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alpha iron and voron will be precipitated at ,B'. With further
cooling the composition of the alpha solid solution will change
according to the curve UQ and the composition of the ternary

aolid solution will change along the surface in guostion moving
toward and ending in the point ron the curve PyS. At the point

¥ the ternary solid solution will be in equilibrium with alphs
iron boron solid solution and the solid solution of iron boride

in iron carbide of composition ¥'. With further ecooling the com-
poslition of the ternary solid solution changes along the curve P1S.
At the temperature at which the line joining Q' and ¢' intersscts
the vertical through /3,the ternary solid solution will be com-
pletely decomposed, the resulting produet being an execess of alpha
solid solution with a eutectoid composed of delta prime and 93°'.

The last composition of the ternary solid solution was that of
point delta, If the point (3 had been within the region Q'Z'B' some
ternary pearlite would bhave been formed.

Mloys lying in the region Py'SL'will transform in mueh the
same way as in the previous case except when the point /3 correspond-
ing to the composition in this range touches the surface in question
solid solutior of iron boride in iron carblde will be precipitated
from the ternary solid solution. When@reaches the curve P1S the

transformation will take place as outlined above.
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An alloy lying in the region B'SYY, in Figure 18, on the sur-
face BYT will consist of iron boride and ternary solid solution@'.
As the temperature is decreased the composition of the ternary solld
solution will move on the surface PgVJ over the straight line <@'SB'
to ¥'. At this point the ternary solid solution ¢' will be in
ecuilibrium with iron boride and the solid solution ¢'*. With
decreasing temperature the composition of the termary solid solution
w1ill change sccording to the curve VS moving toward S. The composi-
tion of the binary solid scolution y'*! will change according %o the
curve NZ moving toward Z'. When the temperature of S is reached
the remaining tsrnary so0lid solution will transform to ternary
pearlite consisting of @', B', and Z'. Therefore the resulting alloy
shoulé be corposed of ternary pearlite, solid solution Z', and iron
boride.

Alloye lying in the region N'x'y'B' of Figure 15 will consist
of ternary solid solutiomn V', binary solid solution N', and iron
boride in the plane of N'V'B'. With decreasing temperature the
composition of the termary solid solution moves down the curve V'S
as in the previous case, The composition of the binary solid solu-
tion will move down NZ as previcusly. The end product will comnsist
then of the same phases as in the previous case; namely, ternary
pearlite 8, iron boride, and binery solid sclution Z°',

Alloys in the other portions of thig three phase triangle will
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FIG. 15
SOLID. TRANSFORMATIONS
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decompose in similar menner to the previous case. In these cases
just cited it should be noted thet the surface H'x'V'SX'Z' has s

screw shape.
The pheses or constituents in equilibriwm in the various
aress are shown on the concentration triangle, Figure 16, at room

temperature.
i8]
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Z+B' + S

FIG. 16
CONCENTRATION TRIANGLE
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PART II.

EYPERIMENTAL CONSIDERATTIONS

The experimental part of this ressarch problem may be divided
into three parts. First, the investigation of relatively pure
alloys of iron, boron, and carbon in order to determine the more
nearliy verfect structures of the system for comparison with the
commercial melts. Second, the investigation of ths structurs of
comaereial alloys to study the comparison between the relatively
pure melis and their relation to physical properties. Third, the
investigation of the physical properties of some of the most
important and useful alloys existing in this systen.

Ixperimental Melts

For the first part, seventeer alloys were made u1p in Lo
induction furnsce in which Armco iron, carbon, and Ferro-boron
were used as the components. The Ferro-boron was obtained from
the Flectro Metallurgicsl Company of New York. It was composed of

¢.48% Boron, 1.55% Silicon, 1.84% Aluminum, 0.147 Carton, and the
valance mostliy iron., These slloys were melted in Mullite crucibles
in smell amcunts, suflicient for metallographic examinations. The
chemicel analysis of the siloys produced is given in Table I.
The positions of these slloys are piotited in the concentration

trisngle of Figure 103.
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TABLE I,

IXPERIMENTAL ALLQYS

Spec. % C. % B, % 8i. % A. %P, Figure Number
Number As Cast Annealed
1 0.45  3.64 2%, 24, 25, 26 27, 28
2 0.2%3  8.52 0.63 0,37 0,01 17, 18, 19, 20 =21, 22
3 1.19 5.86 C.41 0.31 0,01 29, 30, 2 32, 3%
4 1,21 4.4 BL, 35, 36 %7, 78
5 2,83 S.88 0.30 c.08 0.0} 43, 44 45, 46
6 2,71  4.20 39, 40 41, 42
g8 1.84  3.35 47, 48, 49 50, 51
9 2.18 2,58 62, €63, 64 65, 66
10 3.23  1.18 73, 74, 75 76, 77
11 2,88 2.91 52, 53, 54 58, 58
12 1.21  2.60 0.17 0.09 0.01 83, 84, 85 g6, 87
1% 2,21 2.3 67, €8, 69, 70 Y1, 72
14 2,07 2,81 57, 52, 590 €0, 61
15 1,22  1.28 0.07 78, 79, 80 81, 82
16 2,14 1.21 88, 89, 90 91, 92
17  2.41  1.18 93, 94, 95 96, 97
18 Z.80 0,96 0,04 .07 0.01 9§—_99, 100 101, 1¢2




Theoe nlloys wero producced by first meking an iren ccrbon alloy from
& of

Armeo iron and pure carbon i

g

1 the induction furnace, The proper
amount of this iron carbom alloy, Armeco iron, and PFerro~boron to make
the desired composition was placed in the crucible and covered with
borax. ‘The crueible was then placed in the furnace. When the alloy
was completely melted it was stirred and then poured into a metal
mold. After being cast the alloys were anzlysed as shown by the table.

After the alloys were cast a portion of each was packed in carbon
and snnealed at 1800° ¥, for one hour and ellowed to cool slowly from
this temperature. In the metallographic description which follows
each alloy is given a number. These numbers ére shown underlined in
Figure 103 from which their composition and position in the ternary
system may ve seen.

Structures of Experimental Alloys

Let us now consider the structures of these alloys in conjunction
with the equilibrium diagram. All specimens were first ground in the
autometic polishing machine designed by Professor W. H. Clapp and
the author which insured flat surfaces and not too fast but efficient
polishing. The specimens were then finished with 600 alundum powder
and six hour settlement alumina suspended in water., Most of the
specimens were etched five minutes in boiling Murakamil's reagent,

consisting of 10% sodium hydroxide, 10% potassium Ferricvanide, and
’ P J Py
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80% distilled water,

A fracture surfzce of specimen number 2 containing 8,52% boron
and 0.2%% carbon is shown in Figure 17, The metal itself is very
dense, but the ingot showed considerable amouat of sHrinkage holes.
Figure 18 shows the microstructure at a magnification of 100 dia~
meters, Figure 19 at 500 diameters, and Figure 20 at 2000 diameters
shows the detail structure. ZFigures 21 and 22 show the structure
after annealing at 1800° F. In this alloy one should expsct to find
a very large amount of iron carbide and a very small amount of ternary
pearlite. The cast structure does not show just this arrangement.
Pigurs 1¢ shows & ground mess consisting of primary iron boride vhiech
separated out during the primery crystallization; the derker stiriagy
strueture is composed of the iron boride precipitated Trom the ternary
solution, and the light Spéts the binary iron carbide-iron boride
solid solution precipitated in the ternary pearlite transformetion.
The structure does not take on the expected appearance beeauze of
rapld cooling in the mold. Aftef annealing the two constituents thrown
out of solution have sgglomerated somewhat although not as completely
as shown in Figures 21 and 22,

Figure 23 shows the fracture of specimen number 1 containing
3.84% voron and 0.45% carhon. The fracture shows definlte fine
needles in a very dense metal, The porosity was not very great, one

or two good sized shrinksge holes were observed. Figures 24 to 26,


















inclusive, show the mierostructure of this alloy as cast and Figures
27 and 28, the structure after annealing at 1800° ¥, These photo-
micrographs would indicate that supercooling had agein taken place
ir the cooling of this alloy which effect was not removed by annealing.
We would normally expect a structure similar to that predicted for the
previous alloy; i.e., primary iron boride with ternary pearlite.
These figures show some primary iron boride, the dark fairly regular
prisms in Figures 24 to 26, inclusive, and white in Figures 27 and
28. Also, secondarily separated iron boride is shown as the inner
gray strudture and last the pearlite structure surrounded by the
mixture of binary solid solution iron bvoride in iron carbide and the
30lid solution of iron boride in iron, shown by the white matrix
material, This ternary pearlite is shown in Figures 24 and 27 as
dark clusters because of the fineness of the stmucture,.

Figure 29 shows the fracture of specimen number 3 containing
T.86% borou znd 1.19% carbvon, The fraciure shows a very dense
material which sparkles, probably due to the iron boride crystals
embedded in its matrix, No porosity was evident in this material.
The structure expected here shown consist of primary grains of iron
borids in rather large amounts together with a relatively large
amount of binary solid solution of iron boride in iron éarhide with
a very small amount of ternary pearlite,

Figures 30 and 31 show the structure obtained on casting and

Figures 32 and 33 the siructure sfter annealing at 1800° F. The
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primary iron boride is very eviden! as regular white prisms surrounded
by a rather large amount of the iron carbide solid soluiion in which
is embedded the ternary pearlite. In Figure 31 considerable coring

is noticeable in the ternary pearlite due to lack of equilibrium
conditions. In the case of the ammealed structure the binary mslpha
iron iron boride solid solution has probably mixed with the iron
carbide solid solution and hence is not distinguishable., The white
finer struciure in Figure 33 is probably the iron boride of the
ternary pearlite,

Figure 3% shows the fracture of specimen number 4 containing
4,32% boron and l.21% carbon., This Tracture shows quite 2 dense
material with sparkling needles undoubtedly due to the primary iron
boride. Some slight porosity is observable.

In this case a structure similar to the previous alloy should
be expscted except with a smaller proportion of iron Boride (primary)
and iron carbide solid solution: with a greater proportion of ternary
pearlite., Figures 35 and 36 show the structure efter cashing and
Figures 37 and 38 after annealing at 1800° ¥, Very considerable
coring is observed in this structure arcund the primary iron boride,
This is probably due to the separation of the ternary eutectic in
which the iron boride that separctes collects around the crystals
existing at that temperature. The remaining materiel will be com-

posed of the iron-iron bvoride solid solution and iron carbide solid












solution. This last approaches mors nearliy a binary vearlite.

Figure 39 shows the fracture of specimen number & containing
4,2% boron and 2.71% ecarbon. The fracture shows a dense siructure
tending %o be granular with some cleavage. No porosity was ob-
served in this specimen.

Tigure 40 shows “the siructure of this slloy as cast =nd
Figures 41 and 42 show th® structure after annealing at 1800° F,
In this cese we should expect considerably more iron carbide solid
solution with less primary iron boride than was Tound in specimen
number 3 which lies in the same concentration region, We should
also expect a small amount of ternary pearlite, The structure
actually shows these constituents to be present. In Figure 40 the
primary iron boride is evident as the white regular prisms, the
iroa ecarbide sblid solullon as lhe gray ground mass 1n which 1s
embedded the small amount of ternmary pearlite. After annealing
the primary iron boride appesrs to be the same as before, but the
ternary pearlite has been broken up so that the iron iron-boride
501id solution has blended with the iron carbide solid solution
leaving only the secondarily separated iron boride in small
Segregations s shown in Figures 41 and 42,

Figure 4Z shows the fracture of specimen number & containing
5.88% bLorou aud 2.83% carbon, The fracbure shows a deuse sblrucbure
with some cleavege about as shown in Figure & and no porosity is

observed,












Figure 44 shows the structure after casting and Figures 45 and
show the structure after amnealing at 1800° F., In comparing this
alloy with the structure found in number 6, we find less primary
iron boride as predicted by the élagram with somewhat mors ternary
peariitse.

Figure 47 shows the fracture of specimen number 8 containing
%.35% boron and 1.84% carbon. The fracture shovs a very dense

atructure which is very granular. No porosity was observed in this

alloy.

£2
"
P
gi
@
&

Figures 48 and 49 show the structure after casting an
50 aud 51 show the structure after annealing at 1800° F. Some

primary iroa boride should be expected in this structure in view

of its position in the eoncentration triangie. Some ternary eutectic

would be expected which dissoclaltes into the three types of crystals

The photomicrographs do not show any primary iron boride, but show
what might be considered to he: either primary or secondary iron
carbide solid sclution precipitaied during primary crystallization
or Auring secoadary crystallization. Probably the actual case in
this alloy was that super~cooling took place preveﬁting the primary
separation of iron boride and brought about the separation of the
iron carhide s0lid solution during secondary erystellization. The
ternary sutectic éissoéiates into the iron boride, iron carbide
s0lid solution, and the iron iron-boride solid solution which may

be represented by the fine eutectic appearing structure.

«















This completes the study of those alloys in the region eon-
talning primery iLron boride., According te the concentration tri-
angle spascinmen number 1l should lié on the eutectic curve IZR,
Tizure 103, or possibly a little on the side which would produce

primary iron carbide solid solution. Let us see what the stiructurs

Figure 52 shows the fracture of specimen number 11 containing
2.91% woron and 2.83% carbon. The fracture shows z very deunse
material, which cleaves readily alongz plates,

Figures 53 and 54 show the structure alter casting and
Figures 55 and 5, arfter annealing at 1800° F. The structurs
appears to lie about on the eutectic curve reflerred to, in that the
photomicrograshs show a large mass probably of iron boride and
iron carbide solid solution. This is substantiated by the appear-
ance of Figure 54 showing a very fine net work structure within
the large rounded gray areas, Thg remaining material should bte
ternary pearlite, which, as has been ssen before, breaks up into
its constituents, as partlcularly shown in the annealed spscimen,
FPigurs 58, in which only iron boride is shown in the ground mass.

Wigure 57 shows the fracture of spscimen number 14 containing
2,21% boron and 2,97% carbon. The fracture show a very dense
strueture having a granular form.

Figures 58 and 52 show the structure after casting and Figures
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50 and 81 show the strueture after annealing et 1800° ¥, Ths
structure sxpecied here should be primary iron carbilde solid solu-
tion with the ternary peariite. This is shown to be the case in
the photomicrographs. In Figure 58 the white constituent is the
iron carbide so0lid solution while the finer interlacing structurs
is then ternary pearlite, Figure 59 shows this structure to be
relatively homogensous and hence mighﬁ be the ternary solid selution
which hes been too rapidly cooled to allow dissociation into its
three components. In Figure 60 is shown about the same structure,
except that the colors are reversed and the metrix material has
vecome enlarged. This 1s undoubtedly Aue to very slow cooling dur-
ing the pearlitic transformation which allowsd complete separation
of the two iypes of solid solutions leaving the iron boride as the
white constituent,as we have seen in some of the previous alloys.

Figure 82 shows the fracture of specimen ¢ containing 2.55%
boron and 2.18% carbon. The structure shows a very dense granular
strueture with no porosity.

From the position of this alloy in the system we should expect
about the same struciure as we found in the previous slloy, except
that less iron carbide solid solution should be present with more
ternary pearlite. Also, in view of its position in the system, we
might expect to find more of the ternary eutectiec strusture which

may explain the eutectic-appearing portion of the siructure, as
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shown in Figures ©35 and 64. The white constltuent 13 the primery

and

:ary iron carbide solid solution, In this case, also, 1t
is appavent that insufficient time has been given to allew the
dissociation of the ternary pearlite of which the ternary sutectic
will consist. In Figures 85 and 66 is shown the structure after
annealing at 1800° F. This shows the same condition as existed in
the previous glloy, that after annesling the ternary psarlite was
dissoclated into its components leaving the iron boride white and
thie mixture of irom carbide selid solution end iron; iron-boride
s01id solution dark,

Pigure 67 shows the fracture of specimen nuwmber 1% contalning
2.31% boron ané 2,21% carbon., The fracture shows & very porous
casting which ls nmostly due to shrinkage, as 1g epparent from the
white bright surfaces of the holes. The metal itself is dense and
grapular,

Since the composition of this alloy lies very close to that
of the previcus alloy, one would expect to obitain & similar struc-
ture with somevhat less primﬁxy iron carbide sclid solution, if any.
The composliion lies =mo near to the eutectice curve, ElR; that it
should consist of possibly more ternary sclid solution and iron
carblde =01id solution, In Figures 68, 69, and 70 is shown the
structure of tihis alloy in which there is apparently some primary

ivon carbide solid solution surrounded by a very large amount of
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materisl of iternary eubectic origin, as might be expected. igures
71 and 72 show the structure after annealing st 1800° F, in which
no extremely large primery solid sclution is observed, indicating
that the condition shown in the cast sitate is felse, The structure
of the ternsry eutectic has been obliterated and the ususl dis-
sociation has occurred, as indicated above.

Figure 73 shows the fracture of specimen mumber 10 containing
1.16% boron and 3.23% carbon. The fracture shows a very denss
structure with plates which show c¢leavage end no porosity.

According to the consentration triangle, this alloy should
contoln tornery pearlite with considerable iron carbide solid
solution and s very smell amount of iron boride. The structure,
ag sbown in Figures 74 and 72 for the cast condition, present plates
of a primarily separated crystel which can only be interpretsd to
be the iron carbide solid solution which could separste along the
C4 curve., The Tine eutectic~app§aring structure has the gppearance

£ a

[»)

binary eutectic., Such a structure would indicate that the
curve NV was shifted to the right of where it has been placed by
Tarman and Vogel, in that such a structure would be expected in the
region between € and E3 and N, in which we have the binary eutectic
£ iron, iron-borids solid solution and iron cerbide solid solution.

This conception is further borne cut by the structure exhibited by

alloy number 18, Figure 98, In Figures 76 and 77 is shown the same















fter annealing st 1800° F. Nothing usususl has oceurrad in
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this structure by arnesling, except a coarsening of *he fins
autectic struecture by more thorough separetion of the solid solution
constituent,

Figure 78 shovic the fracture of specimen number 15 containing
1.28% boron and 1.227 cerbon. The fracture shows an extremely
dense structure with very fine gzrain.

s far from vhet

(=N

The photomleregraphs show a struciure whick

would be expected; viz., a large amount of ternery pearlite with some
srcess of iron carbide solld sclution ané iron boride. These are

not apperent from Figures 79 and 80 intthe cast condition =and from
Figures 8l and 82 which have been annealed at 1800° F, One explan-
ation which might be offered for this structure, is that the iron
carbide solid solubtion has been theroughly divorced from the
ternary pearlite producing the typical large rounded white strusture
vhich is surrcunded by a binary-eppearing pearlite. Such a condition
is guite reascneble in view of the fact that equilibrium conditions
undoubtedly did not exist and are hard to attain in this alloy.
Flgure 83 shows the Iracture of specimen number 1X econtaining
2.87 voron and 1.21% carbon. The fracture shows a very dense
granular structurs with considerable porosity in the casting.
In this ecase, we should expect sonsidersble ternsry eubectic

with some excess of the ternary sclid solution which, upon slow
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cooling under equilibrium conditions would disintecrzte to the
ternary pearlite. This condition is actually shown in Figures B84
and 85. The white dendritic structure iec the primery ternsory solid
solution while the ground mass is the ternsry eutectic. This
structure is almost completely removed by annealing at 1800° Fey
as shown by Figures 86 and 87, which should and does show this
ternary eutetti¢ as transformed to the ternary pearlite with some
excess of iron carbide seolid solution,

Figure 88 shows the fracture of the specimen nwiber 18 contain-
ing 1.21% boron and 2.14% carbon. The fracture shows & very dense
fine grein structure that has a tendency to cleave,

The structure in the case of this alloy should consist of an
excess of ternary sclid solution with ternary eutectic. This is
shown in Figures 89 and 90, in which *the white structure iz the
ternary solid solution and is surrounded by the ternary eutectic.
Upon amnealing this excess solid.solution is not obliterated, but
apparently does iransform into the ternary pearlite, as indicated
by Figures 91 and particularly 92, In Figure 92 soﬁe pearlite is
Gistinguisheble in Lhe white structure. This ternary pearlite is
very aifficul® to bring out with etching, and, hence, may in most
coses be obscured., The vernary sutectic after annesling hes been
pretty well disintegreted into ité eonstituents.

Figure 9% shows the fracture of specimen number 17 containing

1.18% boron and 2,41% carbon. The fracture shows a cense sitructurs

containing fine needles,
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According to the concentration triangle, this a2lley should
consist of ternarylﬁearlit@ with some exeess iron corhide solid
solution., Figures 94 and 95 show this strueturs in which we
have some iron cerbide solid solution as the grey material surrowided
by material probably formed from the eutectic, consisting initi-
ally of iron carbide solid solublon and termary sollid solutiocn,
Figures 96 and 97 show the structure after anrealing at 1800° T,

The eutectic structure has beenvbrokenfup corppletely, lezving the
unresolved ternary pearlite (white) and the iron carbide solid
solution,

Figure 98 shows the fracture of specimen nuwber 18 containing
0.98% boron and 3.8C% carbon. The fracture shows a dense material
containing plates.

The microstructure of this alloy is shown in Figures 99 and
100 as cast showing primary separation of the iron carbide solid
sclution which has the form usually taken by pure iron carbide in
a hyper-eutectic iron carbon alloy. This is surrounded by the
eutectic which separzted along the curve EjR which presents more
nearly the structure of a binary pearlite, TFigures 101 and 102 show
the structure after annealing at 1800° F. This shows that the
sutectic structure has been very thoroughly disintegrated, leaving
only the mixture of binary pesrlite, consisting of iron, iron-bofide

s01id solution (white) anéd iron carbide solid sclution dark.


















10%.

The results of this part of the investigation check very well
with the equilibrium dlagram. The microscopic investigation of
alloys for checking a complicated system, such as this, is very
difficult, because mbsolute equilibrium or even conditions which
approach equilibrium are very difficult to obtain. However, the
results show, for all practical purposes, the structures obtained
in this system follow the diagram proposed by Tammann and Vogel

insofar as the liquid-solid transformations are concerned.



Structures of Commercial Alloys

As pointed out in the introduction, the most useful alloys
have been found to lie in a relatively restricted composition range.
For the remeinder of this thesis, the structures and properties of
alloys will be considered which, with a few exceptions, have proven
to be of considerable value commercially in their resistance to
wear. No attempt will be made here to discuss the relative merits
of the various alloys from the standpoint 0f wear resistance since
this thesis is concerned with the metallographic investigation.
Hence, the remainder of the discussion of the experimental work will
be devoted to the metallogrephic structure of the alloys in this
region and their physical properties., The compositions of repre-
sentative alloys used in this part of the research are listed in
Table II. and plotted on the ternary concentration triangle shown
in Figure 103. The specimen numbers underlined in this disgrem
refer to the alloys used in investigating the equilibrium diagram,

as discussed in the previous section of the experimental work.
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TABLE II, COMMERCIAL ALLOYS

Spec. % Cerbon % % Figures

No., Graphitic TotdBoron Silicon As Cast Annealed

62-8 0.088 2,71 0.20 0.58 104,105,175 171,172,173,174

135 3,19 0.12  0.49 113,114,178,179 176,177

189 2.85 0.97 0.49 129,120 199,200

221 3.07 0.87 126 184,185

225 2.43 1.8l 0.85 141,142 201,202

228 2,76 1.04 194,195,196 ,197

245 1.78 2.82 0.53 156,157,158,159

246 2,53 2.¢4 0.51 160,161,162

247 $.16 1.24 0.78 134,135

248 0.83 3.84 2.88 0.30 152,153,154,155 212,213

249 0.12 5.00 0.49 167,168,169,170 214,215

255 3.05 1.40 1.61 136

261 2.52 0.65 1,14 106,107

262 3.73 1,20 1.21 127,128

267 2,54 1,51 1.30 138,139 186,187,188,189,
190,191,192,193

268 2,30 3.42 0O 1.44 116,117

270 0.18 3.50 0.22 1.13 118,119 180,181

271 0.18 3.43 0.49 1.18 122,123 182,183

272 0.18 3.86 1.02 0.80 132,133

276 0.22 3.03 1.70 1.36 143,144 20% to 21l incl.
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TABLE II. COMMERCIAL ALLOYS, Continued

Spec. % Carbon % % Pigures
No., Graphitic Total Borom Silicon As Cast Annealed
B R e\~ S

277 0.53 3,00 2.57 1,10 150,151
278  0.58 2.76 2.14 2,14 145,146

279  0.80  2.34 2.57 4.25 147,148,149

280 O 0 6.3% 165,166
291 0.41  6.33 163,164
292 3.00 0 108,109
293 3,00 0.10 1.50 110
294 3.00  0.25 1.50 111
295 2.00 0.50 1.50 112
296 3,00 1.00 1.50 131
297 2.50 0 1.50 115
298 2.60 0.10 1.50 120
299 2.50 0.25 1.50 121
400 2.50 0.50 1.50 124
401 2,50 1.00 1.50 125
405 2.72  1.69 0.15 137

406 2.29 1.63 0.91 140




PER CENT CARBON

FIG. 103

CONCENTRATION TRIANGLE



The structures of these commercial melts will be investigated
according to the different conecentration fields. First congider
specimen 62-2 having & structure consisting, first, of primary
ternary solid solution, which breaks up into the ternary pearlite,
and, second, a eutectic between the ternary solid solution and the
iron carbide solid solution. In Figures 104 and 105 is shown this
structure in which the white material is the iron carbide solid
solution, the larger derk portions are pearlite, the‘very fine
dark spotted groupings are from the eutectic between the ternary
so0lid solution and the iron carbide solid solution.

Specimen 261, Figures 106 and 107, shows the same type of
structure as the previous alloy. It 1s apparent that this alloy
does lie within the region being considered, since this structure
does persist and no excess of iron carbide solid solution is
apparent.

Figures 108 and 109 show thé structure of specimen 292 which
is not justified according to the chemical analysis. The sitructure
presented here would indicate that its composition should be of
less carbon content, since a very definite pearlitic structure is
observed for practically the entire area of the photomicrograph.
This alloy contains abouf 1.5% silicon which mlght partially asccount

for this effect, but certainly not completely.
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Figures 110, 111, and 112 show the structures obtained in
specimens 293, 294, énd 295, respectively. These specimens contain
the same amounts of carbon with increasing amounts of boron as in-
dicated in the table. The structures are similar to those discussed
above end are about as would be expected from a study of the equi-
livrium diagram.

Figures 113 and 114 show the strﬁcture of specimen 135, reveal-
ing a rather large amount of primary ternary solid solution whiech
has disintegrated, as in the previous specimens, into pearlite. The
surrounding white constituent is the iron carbide solid solution.
The difference between the structure of this alloy containing only
0.49% silicon and the structure of specimen 293 (Figure 110) which
contains 1.5% silicon should be particularly noted. This is very
indicative of the infTluence of sillicon on the structure of the
slloys in this region. The effect seems to be to siter the trans-
formetion compositions so that a structure somewhat different from
what would be expected is ohtained.

Figure 115 shows the structure of specimen 297’which also: has
1.5% silicon and compares favorably with the other structures in
this region, in that it contains more material originating from the
primary solid solution.

Figures 110 and 117 show the slructure of specimen 268 in which

there is no boron present. Due to the relatively high silicon
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content the iron carbide has been caused to dissociate to graphite
and ferrite, as shown by the photomicrograph. The previous alloys
seem to indicate that the iron carbide is rendered consicerably
more stable by the addition of boron in that some of the previously
menticned alloys contained almost as much silicon as did this
particular alloy and noe graphite separation was oboerved.

Figures 118 and 119 show fhe structure of specimen 270, In
this case a small amount of disintegrated primary solid solution
and a rather largze proportion of eutectic are present. In Ficure
118 the pearlitic materisl is the gray structure shown at higher
megnification in Figure 119,

Figures 120 and 121 show the structures of itwo other alloys,
298 and 299, in this reglon which should show some eutectic.
Figure 120 contains some eutsectic, but only a very litile,while
Figure 121 shows none at all. These two specimens also conteain
1.5% silicon which undoubiedly causes considerable alteration of
the structure.

Figures 122 and 123 show the siructure of specimen 271 in
which the lightest constituent is the pearlite and the dark the iron
carbide solid solution. Here we see considerable eutectic.

¥igure 124 shows the structure of specimen 400 which contains
1.,5% silicon and tekes on the appearance, as discussed for some of

the previous alloys. Some eutectic is apparent, though not as much
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as indicated by the diagram. This difference is undoubtedly due %o
the silicon present.

In Pigure 125 is shown the structure of specimen 221 which,
according ‘o the chemical analysis, lies well below the eutectic
curve and, hence, no primery iron carbide solid solution should be
expected. However, the photomlerograph shows very definitely that
primary iron carbide solid solution is present and is surrounded
by eutectie. No reason for this discrepancy has been found other
than that the chemical anslysis is in error.

Figures 126 and 127 show the structure of specimen 262 which
ehould show somec primory iron cerbide solid solution with the
eutectic, ‘'he photomicrographs check this prediction very well.
However, it is evident that no ternary pearlite of constant com-
position exists, which confirms the location of this field as shown
on the composition triangle.

Now let us consider the allpys in the region NVB on the con~
centration triangle which have :an excess of the ternary solid
solution V.

Figuroc 128 shows the structure of specimen 401, which should
contain some ternary eutectic, as indiceted by the diagram.

Figures 129 and 130 show the structure of specimen 189 which

shoulé consist of some excess ternary solid solution, but actually
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shows primary iron carbide solid solution. It is difficult to see
how such a structure could be obtained with the analysis shown.

It is conceivable that sueh a structure might be brought sbout by
super-cooling, in which the composition of the remaining liquid
would indicate & precipitation of primary iron carbide solid solu-
tion. This particular alloy is one which does not fit the equili-
brium diagram.

Figure 131 shows the structure of specimen 296 in which we
see primary separated pearlite drived from the ternary solid solu-
tion surrounded with & eutectic. From the structure of this alloy,
it is certain that it lies very close, if not directly on the curve
NV, since there is no indication of the formation'of ternary eutectic
which hes a characteristic structure as will be seen in some of the
photomicerographs later.

Figures 132 and 133 show the structure of specimen 272 in which
we have nearly all eutsctiq as is indicated. there should be from
the diagrsm. No ternafy eutectic is visible in this structure and
hence its composition lies either directly on or very close to the
curve IV,

Figures 1354 and 135 show the structure of specimen 247 in which
there is some primary iron carbide solid solution present., This
would indicete that the alloy actually lies on the other side of
E1'R', that is on the side of higher iron carbide solid solution.

Furthermore, no ternary sutectic is observed, only the binary












eutectic of iron carbide solid solution and termary solid solution.
The structure of this alloy is further confirmed by that of specimen
10, shown in Flgure 73, which is of approximately the same composi-
tion. \

Figure 136 shows the structure of specimen 255, which still
shows no ternary eutectie, but the structure of an alloy lvying on
the curve NV, No primary iron carbide solid solution is observed,
indicating that it is very close to the eutectic curve.

Figure 137 shows the structure of specimen 405 in which there
is a very slight indication of a termary eutectic being formed in
the interstices of the larger greins of itransformed ternary solid
solution.

Figures 138 and 139 show the structure of specimen 267, which
shows én abundance of ternary eutectic with some excess of the
ternary solid solution, This is: the ususl form of the ternary
eutectic, as can be seen by compérison with Figures €8 and 69, which
show the structure of specimen 13,

Figure 140 shows the structure of specimen 406 in which:there
is primary ternary solid solution disintegrated into pearlite with
somc very cmall amount of ternary eutectic. this does not fully
agree with the structure of specimen 267, but this can be accounted

for by the difference in silicon content. Specimen 267 contains
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more silicon than speeimen 406 and, hence, as has been seen before,
the structure is much finer and the transformetion compositions are
shifted considersably.

Figures 141 and 142 show the structure of specimen 225 in which
we find the primary solid solution with considerable ternary eutectiec.
This structure agrees very well with the diagranm.

Now consider the &lloys in the region in which there is an
excess of the iron carbide solid solution.

rigures 149 end 144 show the structure of speclmen 276 in which
is found an excess of the iron carbide solid solution surrounded
by the ternary eutectic. |

Figures 145 snd 148 srow the strueture of specimen 278 in which
there 18 an excess of the iron carbide so0lid solution surrcunded
by the ternary eutectic,

Figures 147, 148, and 149 show the structure of specimen 279
in which there is considerable piimary iron boride surrounded by
ternary eutectic. ‘this structure does not check the equilibrium
diagram and, in fact, should not since the alloy dontains, accordg-
ing to chemical analysis, 4.25% silicon, which disturbs the condi-
tions very markedly. Undoubtedly, the effect of silicon in this
case is to shift the eutectic curve EgR to higher carbon contents
an¢, hence, puts this alloy in position to precipitate primery iron

boride.


















Figures 150 and 151 show the structure of specimen 277 in which
there is an abundance of iron carbide solid solution surrounded by
a small amcunt of ternary eutectic. The black spots are shrinkage
holes found in the cestings.

Figures 152, 153, 154, and 155 show the structure of specimen
248 which 18 very close to the eutectic of iron carbide so0lid solu~
tion and iron boride and shows this in the photomicrographs. Figure
152 and 153 are at the same magnification, the difference being
that 152 was taken with a Wratten B (Green) filter, while 153 was
taken with a Wratten A filter (Red), hence, changing the contrast
of the structure. This effect indicates the gemeral outlines of
the primary iron carbide solid solution that was rormed and which
later changed its composition during the transformation from the
curve NV to Z8, the originel position of disposition remsins in the
Tinel structure. The ternary eutectic is also observed in this
structure, as shown by FigureVlsé, and the pearlite structure is shown
in Figure 155.

Figures 156, 157, 158, and 159 show the structure of specimen
249 wnich shows a very large smount of lron carbide solid solution
Which is derived from the eutectic and surrounded by some ternary
eutectic, Also, there are some crystals of primary iron boride
scattered through the structure, as shown in Figures 158 and 159,
‘this alloy checks very closely the equilibrium diagram, except that

& larger amount of iron carbide solid solution is present than would
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pe indicated from the disgram. This may be due to the erfect of
super-cooling.

Figures 160, 181, and 162 show the structure of specimen 246,
which is very similar to that of the preceding alloy except that
no primary crystals of iron boride were observed. his indicates
that the composition is on the curve EgR or else just to the left
of it, The structure shows a large amount of iron carbide solid
solution with some ternary eutectic. Kigures 160 and 161 differ
in that the Tirst is teken with the Wratten B filter while the
second is with the A (Red) filter showing & little better contrast
and definition.

Figures 163 and 164 show the structure of specimen 291, which,
from the chemical analysis, should be in the field BVJ. The photo-
micrographs indlcate that a very fine structure, in which we have
mostly a eutectic, has formed. Considering its position in the
concentration triangle, we should expect some primery iron boride
whieh does not appear in the photomicrogrephs. It is possible that,
due to super-cooling, the eutectic between iron bofide and a ternary
501id solution is formed presenting the structure shown. This is
about the only way the observed siructure can be justified.

Figures 165 and 166 show the structure of specimen 289 which

does not compare at all with the concentration disgram in that a
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primary constituent whieh tekes on the appearance of the iron
carbide solid solution is presant. This primsry constituent is
surrounded by a eutectic materidl. In this research the primary
iron boride has never been observed ito precipitate in the form
shown by this structure and hence impurities must be the source of
trouble in this particular structure.

Figures 167, 168, 189, and 170 show the strueture of specimen
249, The photomicrographs show the structure to consist of primary
iron carbide crystels surrcunded by a eutectic. This eutectic is
between iron boride and the ternary solid solution. Figure 169
shows the structure of the primary iron boride surrcunded by the
eutectic and Figure 170 shows the struecture of the eutectic.

In conclusion to this survey of the structures of the commercial
slloys, we can say that the structures in general check very closely
the equilibrium diagram. Discrepsncies in the correlation are
primarily due to non~equilibrium;conditions or to the presence of
impurities, particularly silicon. ‘the effect of silicon has been
pointed out in the description of the various struétures. ‘The
principal effect seems to be to cause considerable refinement and
a shifting of the trapnsformation compositions toward the eutectic

compositions.









Effect of Anncaling on the Structures of Commoerical Alloys

The previous section dealt aliogether with meltis that were
cast in sand molds for commercisl work. In cooling such as takes
place in sand castings the transitions that teke place may differ
very greatly from transitions under equilibrium conditions or the
alloy may be one in which diffusion takes place very readily and,
hence, the relatively rapid cooling haé little or no effect upon
the structure. Therefore, it is desirable to determine the effect
of snnesling on the struectures of these alloys. In the discussion
to follow an attempt will be made to point out that annealing does
change the structures of most of the slloys in that it allows con-
ditions more nearly like those of equilibrium to exist, at least
in the solid transformations. Most of the applications of these
alloys are in the cast form and are not subjected to an annealing
treatment, therefore, ithe only interest in the investigation of the
effect of anneéling is to determihe the effect of such treatment
on the structures in order to learn more of the equilibrium condi-
~tions.

First consider the alloys in the region CNVPl. Figures 171,
172, 173, and 174 show the structure of alloy 62-2 which has been
annesled at 1800° F. for ten hours. This structure should be com-

pared with Figures 104 and 109 which show the structure in the as
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east condition. In comparing these figures one muet bear in ming
that Figures 104 and 105 were prepared by etching the specimen in
5% picrol while the photomicrographs of the annealed sample were
prepared by etching in alkaline potasium ferricyanide. Figure 175
is inserted here to show the fine structure of the as cast alloy
etched with the ferricyanide reagent. _The larger grain such as that
in the center is composed of the iron carbide so0lid solution and
the surrounding material is the pearlite. Between two of these
two solid solution c¢crystals can be seen another comstituent. In
Figure 172 this matrix material is very definitely shown to be
well coagulated. When the sample is etched with 5% pilcrol this
matrix structure is not éevealed, but some crystals, which have a
tendency to be prismatie, are brought out in the pearlite grains.
These figures seem to indicate that the iron boride has a tendency
to coagulate in the pearlite, forming these crystals. The pearlite
should consist of a fine mixture of irom boride in alpha iron and
the iron carbide solid solution which conteins iron boride in
solution. It would appear that some iron boride has come out of
solution iﬁ both cases, producing the structures observed.

Figures 176 and 177 show the structure of alloy 135 annealed
at 1800° F. for ten hours. This structure should be compared with
Figures 113 and 114, In addition to these last photomicrographs,

Figures 178 and 179 show the structure of the as cast alloy etched
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with the ferricyanide reagent., These last two figures show defin-
itely that a constituent is being thrown out of solution forming
envelopes around the pearlite grains. In the annealed alloy these
envelopes seem to have been broken up somewhat and coagulated. ‘'lhis
series of photomicrographs also seems to substantiate the idea
that iron boride is thrown out of solution, One distinsuishing
feature is the color of this constituent when etched with the
k ferricyenide reagent., When the specimen is etched for five minutes
in a boiling solution, these precipitations are colored a hlue
green, 1t has beén observed that in alloys containing primary
iron boride, the boride crystals also take on this characteristie
color when etched with this reagent. this is further proof that
this constituent is iron boride which has been thrown out of solu-
tion. Xore cases will be cited to substentiate this statement.
Figures 180 and 181 show the structure of alloy 270 annealed
at 1800° F. for eight hours. VWhen these are compared with Figures
118 and 119 very little difference is observed except that somewhat
»more coagulation has occurred in the primery pearlite. However,
at higher megnification none of the previously mentioned boride
has come out of solution. This alloy contains about 1.13% silicon,
whereas the others contained about 0.5%, This retention of the iren
boride in solution may be attributed to thec silicon content.
_¥igures 182 and 183 show the structure of slloy 271 anneeled

at 18C0° F. for eight hours. Comparing these with Figures 122 and
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123 we see very little difference, except possibly a little more
uniform structure. Such a difference can be attributed to the
heterogenelty found in such castings.

Figures 184 and 185 show the structure of alloy 221 annealed
at 1800° F., for ten hours. In comparing these figzures with Figure
125, it may be seen thet the effect of annealing has been to re-
move some of the typical casting structure and to incremse the
grain size. Furthermore, as in some of the previous cases, a
constituent which remains between the pearlite grains has heen
thrown out of solution, This interstitial materiel carries the
characteristic blue green color, indicating the presence of iron
borice.

This completes the study of the effect of annealing on allovs
in this region. The prineipal point zained from this part of the
research is thet with long snnealing iron boride is precipitated
from solution, which may indicate that the solubility of iron
boride is not as great as indicated by Tammann. Alloys in which
the silicon was relatively high d4id not show this precipitation,
whilch would indicate that Tammann's results vere affected by the
silicon, as indicated by Wever and Muller.

Now let us consider the region NVB for alloys containing the
ternary solid solution V in excess of the ternary eutectic.

In order to determine the effect of the temperature at which

alloys in this group are annealed, a group of specimens was cut
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“from alloy 287 and heated at different temperatures for a period

of eight hours. One specimen was heated at 600° ¥., another at
800° F., another at 1060° ¥., another at 1200° K,, another at

1400° ¥., another at 1600° F., and the last at 1800° ¥. MNo change
in structure was observed until heating at 1400° ¥, Figures 128
and 1989 show the structure in the as ¢ast condition. Figures 186
and 187 show the structure after annéaling at 1200° ¥. for eight
hours. Comparing this structure with thet in the as cast condition,
no change can be aobserved. #igures 188, 129, 190, 191, 192, 1903
show the structures obteined with higher annesling temperatures.
'The structure shown after casting consists of ternary eutectic

and excess of the pearlitic constituent. However, at some temper-
ature between 1200° ¥, and 1400° ¥. this ternary eutectic structure
is nearly obliterated, probably due to complete diffusion at this
temperature., The figﬁres show a progressive coarsening, coagula-
tion of the constituents, and fiﬁally the complete Temoval of the
ternary eutectic structure. No noticeable precipitation of iron
boride is observed, as in the previous discussion.

Alloy 228 containing 2.76% carbon and 1.04% boron, falling
very close to the SZ curve, was given a special series of treatments.
iIn this series, four specimens vere used, of Which‘one was heated
for three hours, oue for six hours, one for elght hours, and the

last for ten hours at 1800° F. The structures obtained with such
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treatment are shown in Figures 194 to 197, ineclusive, in order of
increasing time. After annealigé for three hours the structure is
about as would be expected after casting, However, after six
hours the blue green constituent, which we have previously observed,
appears joined to a network surrounding the pearlite grains. With
further anneeling, this network structure dlaappears zud the sub-
stance seems to coagulate considerably.

Another alloy which is very close to the one considered above
iz alloy 189, vhose structure was shown in the as ecast enndition
in Figures 129 and 130. These photomicrographs were prepared by
etching the specimen in 5% picrol. Figure 198 shows the structure
when the as cast specimen was etched with the ferricyanide reagent.
This shows a segregation of material in the pearlite, Figures 199
and 200 show the siructure of this alloy after anneallng at 1800° F,.
for ten hours. Here we see a complete coagulation of this consti-
tuent which takes on the blue green appearance of the iron boeride.
This alloy contains a small amount of silicon, which further sub-
stantiates the statement of the solubility of iron boride.

Figures 201 and 202 show the structure of alloy 225 annealed
at 1800° F. for ten hours. If this is compared with the structure
of the slloy in the as cast condition, shown in Figures 141 and
142, it will be noted that the annealing has eliminated the eutectic

structure, bringing about almost complete diffusion.

It should be noted that those alloys which lie approximately
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on the ZS curve have the property of displacing the boride con-
stituent from solution, while those lying definitely in the tri-
angle do not have this property, but merely an eliminetion of the
eutectic structure occurs on annsaling.

A few alloys within the triangle NVB in the region of primary
iron carbide solid solution will now be counsidered. In Figures
203 to 211 is shown the effect of different annealing temperatures
on alloy 276, Figures 143 and 144, The effect on this alloy is
found between 1200° F. and 1400° F., as in the previous ecase, where
the ternary eutectic is partially obliterated and, as the temper-
ature is increased, the pearlitic structure agglomerates to the
fullest extent and the ternary eutectic finally disappears.

Alloy 248,vwhich has been annealed at 1800° F. for eight hours,
also lies in this region and is shown in Figures 212 and 213. ‘he
as cast structure appears in rigures 152 and 153. The effect of
the annealing is very noticeable in this case in that the ternary
eutectic has entirely disappeared and all that remains is the
ternary pearlite, which is readily brought out in Figure 213, It
is very noticeable in all the alloys lying in this field that the
distinction between the iron carbide solid solution and the iron
boride is not resolved, due undoubtedly to the close similarity of
their properties. In Figure 213 the structure enclosed by bound-
aries is not a homogeneous solution, as the photomicrograph would

indicate, but is the ternary pearlite.


















Figures 214 and 215 show the structure of alloy 249, which
has been annealed at 1800° F, for eight hours. Comparing this
structure with that of Figures 167 to 170, inclusive, about the
only changc that ioc noticeable is the loss in the eutectic
structure which existed before annealing.

In conclusion to this part of the research, it can be said
that upon annealing alloys in the range CNVL the pearlitic struc-
ture is broken up and that iron boride is precipitated from solu-
tion provided the silicon is low. In the triangular region NVB
a loss of the ternary eutectic structure occurs, accompanied by
an aggregation of the pearlite and a coarsening of the general
structure. In the field BVJ between E; and B there ocours a loss
of the euteclic structure and a general coagulation of the iron

boride contained therein and a general coarsening.






PART III,

PHYSICAL PROPERTIES

The most important eonsiderations in the study of any metsl
or alloy are those concerning its physical properties. The
metallographic structure is important chiefly because of the assist-
ance 1% gives in explaining why certain properties exist, L1t is
limited in its scope because of the fineness of the metal structure
and the limivations of the optical method.

Alloys in this system, containing about three percent carbon
and from oze or iwe-tenths to two percent boron, have been found
commercially valuable in their resistance to wear, Those alloys
walch exhibit the quality to resist wear have considerable hardness,
of the order df 500 to 800 Brinell, Conseguently, in this research
some of the alloys im the useful range have been investigsted for
hardness and transverse strength, in order to have some basis for
comparison with other materials, One series has been carried out
to determine tensile and compressive strength and modulus of
elasticity; another to determine the effect of boron on the
thermal conductivity of these alloys.

The elloys used for determining the transverse and hardness
properties were cast in sand molds in the form of the standard arbi-
tration bar, thirteen inches long and one 2né one-quarter inches

in diameter., The bars were allowed to cool in the mold. All
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specimens were tested by placing them between fulecrums twelve
inches apzrt and applying a load at the center of the bar in the
50,000 pound Universal testing machine. 'he modulus of rupture
referred to as transverse strength was computed from the relation
S = MC/I, where S is the modulus of rupture in pounds per sguare
ineh, M is the maximum moment at the center (Pl/é) in inch pounds,
C is the distance from the neutral axis to the extreme Piber in
inches. Assuming the neutral axis at the conter, C has boon boken
as ecrel to the radius. I is the moment of inertia of the section
in (inches)4, P the load at the center, and 1 the length of the
specimen in inches. Substitution of the specific values in the
general expression gives the relation § = 30.5 P/dz.

AfTect or Composition on Transverse Strength and Hardness

Table III. gives the composition and average resulis for the
glloys used in this work. These results are plotted on a
composition diagrsm shown in Figure 216, on whioch contours of
transverse strength and hardness have been drawn. The values
given are the averages of two tests made on each alloy. ‘'able IV,
gives the values for each of these tests. In reading this graph,
it should be remembered that these alloys are commercial melts and,
hence, there is some variation in silicon content which may cause

some variation in the results.



TABLE IIT.

SUMMARY OF TESTS

Average Hardness
Modulus of Deflection Sclero- Diamond
Spec. Rupture inches in  scope Brinell

No., % C. % B, 8i. lbs/sq.in., 12 inches

247 3,16 1.24 0.78 13,400 0.038 63

255 3.05 1.40 1.61 21,010 0.020 62

262 3.73 1.20 1.21 6,245 0.017 71

268 3.42 0.00 1.44 52,300 0.109 32 235
269 3.67 0.09 l.42 47,500 G080 :3%] 315
270 3.50 0.22 1.13 52,600 0.041 57 523
271 .43 0.49 1.16 30,525 0.024 68 649
272 3.28 1.02 0.80 25,100 0.019 56 705
276 5.03 1.70 1.36 32,675 0.025 75 800
292 .00 0.00 1.50 75,400 0.117 38 286
295 3.00 0.1¢ - 75,450 0.057 49 496
294 3,00 0.25 - 69,800 0.056 51 479
293 3.00 050 - 62,850 0.047 1%+ 556
296 3.00 1.00 - 45,600 0.0%54 57 567
207 2.5 0.00 - 82,300 0.082 32 356
298 2.5 0.10 - ©5,750 0.074 46 425
299 2.5 0.25 - 80,600 0.066 48 462
400 2.5 0.50 - 70,100 0.051 47 506

41 2.5 1.00 - 85,300 0.040 51 Sag
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TABLE IV.
TEST DATA
Modulus of  Deflection

Specimen Tiemeter Load Rupture inches in
Number _ Inches Pounds ___ 1bs/sg.in. 12 inches
247 1,231 820 13,400 0.038
255=1 1.281 1,450 21,020 0.018
255-2 1.305 1,530 21,000 0.023
262-1 1.275 410 6,030 C.012
262-2 1.278 450 6,560 0.021
268 A 1.274 3,510 51,800 0.107
268 B 1,238 3,240 52,800 0.111
269 A 1.259 3,120 47,800 0.078
269 B 1.231 2,880 47,200 0,085
270 A 1.257 5,060 47,100 0.037
270 B 1.232 3,340 58,100 0.046
271 A 1.281 1,870 28,400 0.025
271 B 1,230 1,860 32,650 0.023
272 A 1.256 1,440 25,100 0,019
272 B 1.83 1,190 19,540 0.018
276 A 1.271 2,190 32,8650 0.025
276 B 1,224 2,010 32,700 0.026
202 4 1.286 4,000 81,000 0.090
292 B 1.25 4,860 76,000 0.115
292 C 1.25 4,790 74,800 0.120
293 A 1.24 4,970 79,600 0.059
293 B l.24 4,460 71,300 0.055
294 A 1.23 4,720 77,300 C.063
294 B 1.24 3,800 82,400 0.050
205 A 1.24 3,890 62,200 0.051
295 B 1l.22 3,780 83,500 0.044
206 A 1.24 2,780 44,400 0.0322
206 B 1.24 - 2,920 46,800 0.036
297 A 1.22 4,540 76,300 0,086
297 B 1.24 5,520 88, 300 0.074
208 A 1.2¢ 5,820 93,300 0.075
288 B 1.24 6,140 98,200 0.073
299 A 1.22 4,440 74,800 0.054
269 B 1.22 5,150 86,600 0.070
400 A& 1.23 4,130 67,700 0.049
400 B 1.23 4,420 72,500 0.054
401 A 1.26 9,380 51,600 0.041
401 B

1.24 3,690 59,000 0.052
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From the trend of the transverse strength curves, it is
indicated that the highest strength and lowest herdness will occur
at gbout the point ¥V, Figure 1CY, and also that the hardness
increases as we go into the region of excess or primary iron
carbide solid solution. This is ihcagreement with the equilibrium
disgrem, in that we know a material with larger amounts of iron
carbide solid solution possesses inherent hardness. An example
of this charecteristic hardness i1s found in iron-carbon alloys
contaeining excess iron carbide.

The hsrdness determinetions were made with a Monotrone herd-
ness testing machine with which several readings were taken and
the average values entered in the itable.

Heat Treatwment

A series of tests was made to determine the genersl physical
properties of the alloys in the region CNVL, Figure 103. For this
test alloy 62 was usec, More tests were not made because of the
expense of grinding the specimens. It was felt that the tests
made on this particular alloy would be indicative of the properties
of alloys in this region. Another interesting result observed in
these tests is the effect of silicon on the physicel properties.
This particular alloy (62) contains only 0.53% silicon, while the
alloys used in the transverse and hardness tests previocusly men~

tioned, contained about 1% or more of silicon.



Tests were made of this material in the as cast, annealed,
and normelized conditions, Some specimens were quenched in various
media, but the data is not included here, since unsatisfactory
results were obtained. The specimens to be heat itreated were
placed in the furnace st 1650° F. for one hour and then cooled,
ao indiceted in Table VI. The swmary of average results of these
tests are listed in Table V.

Specimens for the tension tests were cast in black-washed sand
molds snd were allowed to cool to room temperature. The test
specimens were ground to a uniform diameter in the working seection
and given large fillets at the ends to accommodate their support
in special grips. The supporting grips were suspended from spherical
seats, insuring ageinst eccentric loading. The results of these
tests are shown in Table VI.

Specimens for the compression tests were ground to a one inch
diemeter and a height of one and one-eighth inch. The specimens
were placed on spherical heads in the testing machine. The results
are given in Table VII.

The specimens for the transverse tests were rough castings
of the same dimensions as those previously described. Resulis are
given in Teble VIII.

The averages of several Scleroscope hardness determinatiods

on these specimens are reported in the Tables mentioned above.
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TABLE V.

Condition Tensile
of Strength
Specimen Material #/sq.in.

Number
D-12 As Cast 19,635

D-13 Cooled in 24,530

Furnace
from
1650° F.

D=-14 Coocled in 22,450
Air from
1650° F,

Compressive
Strength
#/s8q.1n.

227,000

224,000

247,500

Modwlus
of

Rup ture Hardness
8g.in. Seleroscope

26,100 64 - 80
31,000 57 -61
27,180 69 -7

The Modulus of Elasticity = 34,000,000 lbs. per sq. in,

e e
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TABLE VI,
TENSILE TESTS
Total Ultimate Sclero-
Spec. Diameter Area Load at Strengthn scope Condition
No. Inches  sqg. in. Break lbs, lbs./in.“ Hardness
1 0.579 0.203 4,830 18,350 65 As Cast
2 C.574 0.259 5,110 19,770 64 As Cast
3 0.568 C.253 4,790 18,920 61 As Cast
4 0.573 0.260 5,600 21,500 66 As Cast
9 0.560 0.246 6,420 26,400 59 Cooled in
Purnace
from
1650° F.
10 0,565 0.251 5,680 28,650 59 Cooled in
Furnace
from
16507 ¥,
7 0.568 0.253 3,890 23,300 69 . Cooled in
Alr from
1680° F,
8 0.581 0.265 3,720 21,600 69 Cooled in
Air from

1650° F.
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TABLE VII.

COMPRESSION

TESTS

Spee. Diam. Ares Load at Ultimaste Length L/D Selero- Condition
No. in. &g.. *Break Strength (L} scope
in. lbs. t/8q.in. inches Hardness
1 0.970 0.73% 177,440 240,000 1,094 1.13 75.4 As Cest
2 0.974 0.745 159,460 214,000 1.101 1.13 77.5 A8 Cast
3 0.970 0.739 164,620 222,000 0.959 0.99 56.9 Cooled in
Furnace from
1650° P,
4 0.970 0.739 167,808 226,000 1,110 1.14 61.2 Cooled in
Burnace from
1850° F.
5 0974 C.745 170,700 241,000 1.108 1.14 7568 Cooled in
Air from
1650° F.
3] 0.870 0.739 187,720 254,000 1.119 1.15 763 Cooled in
Air from

|

I

1680° F,




TABLE VIII.

TRANSVERSE TEST

Load at Deflec. Modulus of
Spec. Diameler Area  Center in 12 Rupture Condition
No. inches sg.in. lbs., dinches 1b./sg.in.

1 1.824¢ 1,179 1685 0.02 28,200 As Cast

2 1,223  1.178 1440 0.021 24,000 As Cast

S - l.217 L1161 1800 C.021 27,100 Cooled in
Furnace from

. 18650° F.

4 1.205 1.141 2000 0.030 34,900 Cooled in
Furnuace from
1880° ¥F.

5] 1.226 1,180 1940 0.028 32,250 Cooled ia Air

from 1650° F.

6 1.215 1.160 1300 0.020 22,100 Cooled in Air
from 1650° F.




One of the tension specimens in the as cast condition was
used for the determination of modulus of elasticity. The method
was to determine deflections for equal increments of applied load
over a two inch gauge length. The deflections were determined
with a Huggenberger Tensometer which allowed the determination of
deflections to 0.0000299 inches in the gauge length. The results
of this test will be found in Table IX. The value was found to be
thirty-four million pounds per sguare inch. This is somewhat
higher than is found for white cast iron with a value of sbout thirty-
two million pounds per square inch as a maximum.

From this set of tests, it can be concluded that annealing
increases the tensile strangih and modulus of rupture and decreases
the hardness of these alloys. Cooling in air decreases the tensile
and transverse strengths over the annealed material, buf inereases
over the as cast condition. The effect of annealing and air cool-~
ing is primarily due to the reheating of the cast material thereby
obtaining a more uniform structure.

Other specimens were used to determine the effect of quenching
on the alloy. Quenching in any media is very detrimental to these
alloys, in that large cracks are developed rendering them worth-
less. The hardness is increased to some extent by guenching, due
to the existence of partially decomposed ternary solid solution.

The data obtained on these guenching tests is omitted here.
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TABLE IZX%.

STRESS STRAIN DETERMINATION FOR COMPUTATION

OF MODULUS OF ELASTICITY

Unit Total Total True
Total Load Load Deflection Deflection Deformation
lbs. 1bs.sq.in, Reading Difference inﬁé;n.
000 ' .62 0 0
500 1900 0.64 0.08 0.0000300
1000 3800 0.88 0.08 0.00003800
1500 5200 0.72 .10 0.0001500
2000 7600 C.75 0.,1& 0.0001850
2500 93800 0.79 0.17 0.0002545
5000 11400 0.8% G.21 0.0003145
3500 13300 0.B8 0.24 0.00035%0
4000 15200 .90 0.28 0.0004190

D = (.579 ineches

A= 0.263 s8g. in.




Thermal Conductivity

The thermal conductivity of alloys in the iron, iron-carbide,
iron-boride éystem has proven to be of considerable interest,
because of the particularly low value obtained. A series of
alloys, listed in Table X., was used for determinations of thermal
conductivity. The coefficients of thermal conductivity were
determined by B. H. Sage and Zarl S, Hill of the California
Institute of Technology by measuring the flow of heat through
bars similar lo dimension to those used for the transverse tests.
In this case all test bars were finished ground. Heat was supplied
by an electrically heated brass block soldered to one end of the
bar. The quantity of heat flowing through the bar was determined
.by the rise in temperature of a known stream of water flowing
through a similar brass block soldered to the other end of the
bar. The rise in temperature of the water was determined by two
short range thermometers placed in insulated wells. The rate of
flow of water was determined by weighing.‘ The temperature gradient
was measured by thermometers inserted at the ends of the bar. Water
temperatures were read to 0.02° F. The entire apparatus was heavily
legged and was calibrated by meanas of & bar of lew carbon steel,
from which it was found that no correction for heat loss was
necessary. The results of these tests are tabulated in Table X.

and the values plotted against boron content in Figure 217.



TABLE X,

Spec. Total Graphitic Silicon Boron Thermal Conductivity

No. Carbon Carbon B.t.u./hr, /sq./2t./
% % b % °F./ft.

2688 Z.42 2.30 1.44 0.00 27.5

269 3.67 2.08 1.42 .09 20.2

270 3.50 0.18 1.13 0.22 7.5

271 343 0.18 1.18 0.49 6.0

272 3.28 C.18 0.08 1.02 .2

o706 D.08 U.2% 1.56 1470 %.6
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The effect of boron is very notieeable on the thermal conducti-
vity. It may be noticed that the thermsl conductivity‘decreases
very sharply and that the amount of graphitic carbon decreases in
about the same way. This fact may account in some wey for the drop
in thermal conductivity, but the drop in graphitic carhon content

can be attributed to the presence of boron.



SUMMARY

(1) 4As a result of this research the equilibrium relations
of the iron, iron-carbide, iron-boride system, as proposed by
Vogel and Tammann, have been checked metallographieslly for the
liquid solid transformations throughout the composition range.

(2) The equilibrium relations of the iron, iron-carbide,
iron-voride system, as proposed by Vogel and Tammann for the
transformations in the solid state, have been checked metallo-
graphically in all regions of the system with the exception of
that region containing less than about one percent boron. In
this case discrepancies were found in the commercial alloys in
that the solubility of iron boride in alpha iron was not as
great as suggested by Vogel and Temmann. Such solubility wes
found in elloys containing silicon in excess of one percent.

(8) The solubility of iron boride in alpha iron has been
found to be increased by the presence of silicon.

(4) The hardness of slloys in this system has been found
to increase with increase of carbon and boron content.

(5) The transverse strength of slloys in this system has
been found to decrease with increase in carbon and boron content
to a very low value,

(6) Annealing of the alloys in the iron, iron-carbide,

iron-boride system has been found to czuse coagulation of iron
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boride in the metallographic structure.

{7) Annealing of alloys in this system has been found to
increase slightly the transverse strength and tensile strength
without great loss in hardneass.

(8) The thermal conductivity of iron, iron-carbide, iron-
boride alloys containing about 3.5% carbon has been found to be
decreased from 27.5 to 4.6 B.t.u./hr./sq.ft./° F./ft. with

increasing boron content of from zero percent to 1.7%.
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