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When Government drawings, specifications, or other data are used
for any purpose other thanin connection witha definitely related Govern-
ment procurement operation, the United States Government thereby in-
cursnoresponsibility nor any obligation whatsoever; and the fact that
the Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in any manner licensing the holder or
any other person or cor poration,or conveying any rights or permission
to manufacture, use, or sell any patented invention that may in anyway
be related thereto.

The information furnished herewith is made available for study
upon the understanding that the Government’s proprietary interests in
and relating thereto shall not be impaired. It is desired that the Judge
Advocate (WCJ), Wright Air Development Center, Wright -Patterson
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FOREWORD

This report was preparec by the }etallurgy Department of
The Chio State University as an activity of The Chio State Univer-
sity Rese~rch Found:tion., The cooperator is the Air Research and
Development Command under Contract No. AF 18 (6(0) - 94, Research
Development Order No. 463 - 8-4, lMetallurgy of Roron in Iron and
Steel. The research was initiated by and is under the direction
of the Flight Research Laboratory, .right-Patterson Air Force
Base, Major A. A. Marston acting as project engineer,

The report was prepared by Professors J. W. Spretnak and

Rudolph Speiser, and Mr, C. C. McBride of the Department of
Metallurgy, The Ohio State University.
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ABSTRACT

%

\Du eshemistry of boron end the metsllurgy of boron in iron end steel
are thoroughlyreviewed. On the basis of oritioal evsluation of the exist-
ing information, & workiag hypothesis for the mechenism of the boron har-
denability effeot is presented. The primcipal effect of boron is to retsrd
the fcrmation of pro-eutectoid ferrite which forms from austenite by e
shear mechanism. This retardation ocours beceuse of the excesrsively high
atrein energy pesks associsted with boron atoms dissolved in eustenite.
Juoleation and growth processes are expected only when the system passes
from a disordered state to a more highly ordered state.

FUBLICATION REVIEW
The publicetion of this report does not oonstitute epprowl by the

Air Foree of the findings or the oconolusions conteined therein. It is
published omly for the exchange and stimuletion of ideas.

POR THE COMMANDIKG GENERAL:

2 By @ Ysugray AL
o™LESLIE B. WILLIAUS
- Colonel, USAF -
Chief, Flight Research Laboratory

Directorate of Pesearch
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I. REVIEW OF THE METALLURGY AND CHE(ISTRY OF BORON

A, INTRODUCTION

1, The Role of Boron in Heat Treatable Stesls. 4 critical shortage
of alloying elements such as nickel, chromium, molybdenum, snd manganese has
resulted from the increased production of high-temperature alloys and alloy
steels, Boron as an alloying element in heat treatable steels can substitute
for the hardenability effects of the above named alloys, It has been estab-
iished that as little as 0.0C05% boron significantly enhances the hardenability,

Numerous investigations have contributed te the knowledge and *art" of
producing and treating boron steels, However, there are many problems to be
solved such as effect of steel composition, heat treating variables, mechanism
of boron effect, and meaning of effective and imeffective boron, Solution
of these problems will lead to & more intelligent use and better control of
boron as an alloying element.

2, Brief Historical Review, The first systematic study of boron
additions to steel was conducted by Guillet® in 1907, Boron additions of 0.1%
to approximately 1,5% were added to steels containing from 0,2% to 0.5% carbvon,
Guillet concluded that boron steeis might prove commercially feasible if used
in the quenched state,

Some further investigations were conducted using boron in amounts
greater than 0,1% but the resulting product was usually brittle and could not
be worked?, Walters was ovidently the first person to recognize the effects
of small additions of boron, He obtained German patent rights in 1921 and
United States patents3 in 1924 to cover the addition of boron ranging from
0.001% to about 0,1%.

The first use of boron steels in the United States is rather vague,
It appears that International Harvester found a remarkeble increase in
hardenability which could not be attridbuted to the components reported“.
This effect was traced to the presence of boron in the Grainal addition which
renewed the iaterest in boron steels,

During the Second World War and the accompenying shortage of alloying
elemente, the interest in boron steels was stimulated. By the end of the war
sore standard boron steels were developed which a few companies continued to
produce although the majority of the industry reverted to standard alloying
elements, The present emergency has again intenseified the interest in boron
steels, Furthermore, it has resulted in & trend to produce & material for a
certain specification rather than using a material which is over alloyed,

B, FUNDAMENTAL ASPECTS OF BORCN AND BORON STEELS

1. Structure and Properties of Boron., In order to evaluate the effect
of bhoron as an alloying element, some fundamental information in regards to its
structure and properties should be considered, Unfortunately, although boron is
relatively abundant, very little is knmown about this element, However, some
studievs are being conducted in regards to the crystal structure and these results
will be considered firet,

WADC TH 521k, 1



-2-

The majin problem encountered in the study of the properties and
crystal structure 8! boron was the preparation of the pure material,
Laubengayer, et a1l', reviev the methods used in preparing pure dboron and
state that the thermal decomposition_of boron tridromide was the most satis-
factory process, Laubengayer, et ala. discussed the investigation of pure
boron produced in this manner,

Boron resulting from hydrogen reduction of boron tribromide (BBrg)
was condensed on & hot filament of tungsten or tantalum., The crystalline
nature of the condensed boron was dependent on the concentration of BBr3 and
particularly on the filament temperature, Deposits ranged from amorphous, to
vitreous, to crystalline with increasing filameant temperature and decreasing
BBrq concentration, Two types of crystals are observed, (1) "needle-1like"
and (2) "plate-like" crystals. The x-ray patterns of these two crystals are
different. Preliminary work indicated the latter tc be orthogonal and the
needle-like crystals as tetragonal, The smallast cel]l based on opthogonal
axes for the plate crystals has & = 17,86K; b = 8,934; ¢ = 10,134, Deter-
mination of the density of the needle crystals yielded 2.310 gm/cc which
agrees closely with previous determinations,

Complete (CuK, )Weissenbarg photographic x-ray data of the needle
crystels has been recently reported?. These data establish a tetrasonal
unit cell with a = 8,73 + 0.02‘. and ¢ = 5,03 * 0,028 containing 50 atoms,
These authors state that further study is being conducted to determine the
space group and that investigation of the plate crystals i1s being continued,

Johnston, Hersh, and Kerrl? prepared amorphous boron by the thermal
decomposition of diborane (B2H6), This high purity amorphous boron was come
pacted and recrystallized, The "d" values obtained from x-ray data agreed
well with those reported above,

A few of the physical properties of boron reported by Laubong&yor7
are given below:

Chepical -~ Boron is extremely inert, it was unaffected by boiling
hydrochloric acid or by hydrofluoric acid, It is not easily oxidized in the
cryatalline state., The hardness of boron approaches that of bor-n carbide
which is the second hardest material im the crystalline state,

Electrical -~ Boron exhibits a microphonic effect similar to carbdon,
Experiments indicate that it is a poor electrical conductor.

Optical ~ Boron is opaque with a black, metallic sheen, It is slightly
transparent to a strong arc with a condensing lens,

Godfrey and Warren!l determined the coordination scheme of boron by a
Fourier integral analysis of the povdergrattorn and estimated six nearest
neighbors at an average distence of 1,894,

Wellel? ctates that boron has 1little in common with the othar elements
in Group III (B, Al, 8c, Y, La, T1, Ac), It 1s the most electronegative ele-
ment of the group and in general resembles the non-metals, particularly silicon,
Boron forms either three coplanar bonds with interbond angles of 120® or four
tetrabedral bonds, The three bonds utilize one 28 and two 2p orbitals which
presunably is some kind of hybrid up? orbital,.

@ADC TR 52-1L0
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Soitzla liets boron as the second highest electropositive element of
ths non-metallic e¢lements with hydrogen being first,

2, Structure and Properties of Borides. In order to better understand
the behavior of boron it is of interest to consider the various borides,

KiooalingI“ sunnarizes the crystal structure of the borides of the
transition elements, It is shown that the borides may be classified according
to tho arrangement of boron atoms, The phases are regarded as metal lattices
with boron in the interstices, As the boron content increases, the number of
boron-boron bonds increase, ranging from isolated atoms to three dimensional
boron networks, The compounds (1) ¥ (Me2PR) are typical of isolated boron atoms;
(2) & (MeB) are typicel of zig-zag chain networis, and (3) (Me2Bs) or (MeB2) are
typical of hexagonal network and sheets,

Haggl5 discusses the regulerity of crystal structures in hydrides,

borides and carbides of transiticn elements, He states that if the ratio of

Tx/ Tm is equal to or less then 0.59, the structure is simple, This rule
is apparently valid for the borides of the MB type (isolated boron gtogs) but
is of less 1n{grtance for the borides which have boron-boron bondgl%sl .
Norton, et al*© gtate that the borides have well developed metallic properties.
Hannesenl? reports that iron-boron alloys ranging from 0 - 8,5% boron behaved
ferromagnetically. He concludes that the boride Fe2B is magnetic,

3. Ilron-Boron Equilibrium Dimgran, In order to gain an understanding .
of the bdehavior of boron in steels, it is obvious that the study of the iron-

boron system is indispensable, In addition to ylelding information in regarde
to degree of solid soludbility, type of solutions (substitutional or interstitial)
effect of boron on the transformation points and etc., this binary diagraz 1is a
prerequisite for a Fe~-B-C ternary study.

Unfortunately, as will be seen below, only the region above 1l borom
appears to be in common agreement, Thus, that part of the diagrem which is of
the most interest in boron steecls (less than 0,G07% vy veight) has not been
accurately determined, However, existing date are of inierest and do yield
some valuable information,

Hannesenl? determined the Pe-B disgram up to approximately 8.5% boron
while Tschischewski and Hetdtl® developed it up to 11.5% boron. Thes~ investi-
gations were conducted by thermal analysis and microscopic investigations and
the systems are reviewed by Hansenl9,

The results of these studies agree in essentials but differ appreciably
in degree of solid solubility, (See Figures 1 and 2)., In addition, Hannesen
found a stable boride melting at 1350°C which he desiznated ae FesB2 (7.19% B)
whereas Tscheschewsiki-Hetdt found this boride to correspond to the formula
FeoB (8,83% B) with a melting polnt of 1325°C,

In regards to equilibrium in the solid state both works agree in the
following points: (1) the solubility of boron in gamna iron increases with
decreasing temperature; (2) the temperature of the gamma to alpha transforma-
tion is lowered by boron; (3) the eutectoid with respect 0 boron saturated
gamna phase decomposes into boride and alpha iron. The solublility of boron
in gemma iron ie approximately 0,86 boron at 713°C according to Hannesen while
Tscheschewski-HeXdt found it to be 3,6 boron at 760°C, The latter investi-
gatore determined the solubility of boron in alpha iron at the eutectoid
temperature as 0,08%,
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The Fe-B equilibrium disgrums determined by the above studies are
similar to the Fe<C diagrar, Thus, one could conclude that the effect of
boron on hardenability is a result of the large dirference in solubility
between genma and alpba iron, similar to the effect of carbdon,

However, Wever end MuellerZ0 pointed out that the results of the two
above investigeticons ware in error due to apprecisble contemination of caerbon,
aluminum, and silicon, Cerbon was obtained from tlie cardon-arc furnace and
some silicon pick-up resulted from the crucitles used, Furthermore, the ferro-
boron alloy used contained appreciable aluminum and silicon, These authors
state that the effacts of boron on the trensformations are negligible compared
to the effects of these impurities,

Wever and Muellerzo redetermined the Fe-B disgrem with the aid of
thermal, microscopric and x-rey studies, These authors prepered their nelts
in magnesie crucibles using electrolytic iron end the purest ferroboron
obtainatle at thet time, The major impurities in the ferroboron were 0,06k
C, 0.89% S1, 0,62% Mn and 4,35 Al, They managed to keep the resultant
alloys relatively low in carbor but still obtained some silicon contemination
and approximately 1,0% of aluminum, In order to correct for the effects of
these lmpurities, brief studies were made to determine the effects of silicon
and aluminum on the transformation points, They concluded that the effects
of aluminum and silicon were similar in that these elements restrict the
gaxna field by lowering A4 and reising the Aq transformations. As & result
of these studies these authors attempted to correct for the effects of silicon
and aluminum end extrapolated to what they term an Midealistic" diasgram which
is shown in Figure 3,

The solubility of boron, &s reported, is very limited and is as follows:
(1) at 1381°C in delte iron, 0,156 B; (2) at 1381°C in gamwe ironm, 0,10% B;
(3) at 1174°C in gamna iron, less than 0,15%¢ B; (4) at 915°C in gamma irom,
0.10% B; (5) based on x-ray resulte *he solubility of boron ia alpha iron is
lees than 0.15% at §15°C; (6) at 880%C, 0.10% B, The A3 tempersture is raised
by 0.15% boron to 515°C and the peritectic temperature decresses with increasing
boron,

Wever and Muellerzo investigated the x-ray powder patterns of irop-
boron alloys containing 0,06% and 0,20% boron, Specimens of these alloys
vere botk slowly cooled and quenched from just telow the A3 transformation
(880°C), The slowly cooled specimens produced parameter values which, within
the limits of accuracy, could be considered constent, Parameter values
derived from the quenched alloys show a contraction of tbe lattice of alpha
iron with increesing boron, Thus, it was concluded that boron formws a
substitutional solid solution with alpha iron., To further suppleuent these
findinge they studied the patterns of two hypoeutectic alloys with 0,20 and
3.5% boron as well as two hypereutectic alloys with 6.0% and 9.02% boron,

A cowylete structural analysis of Fe2B conducted by Wever and Mueller<0
showed that it possesses a body centered tetragonal lattice with four groups
of FepB per unit cell, They also determined that FeB exists,

Bjurstrom and Arnfelt?l confirmed the crystal structure of FeaB as well
as the composition of FeB (16,23% B). The latter boride has an orthorhombic
structure with four groups of FeB in tke unit cell, The constancy of the
paraneters of these borides indicate negligible solubility, The parsmeters

NADC TR £2-14
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ere as follows:

Yo B Space centered tetra;onal Space broup
a = 4 240 18
R Vis
feb Orthorbombic & = 2,9%0
b a 4,05
c = 5.495

The computed redius of the boron atom ranges from 0,89 to 0,971 de-
pending upon the crystal structure selected. This yields an average atomic
diameter of 1,864,

Wasuuht?2 aged five alloys containing from 0.06% to 2,5% borom at
severai different temperatures afier yueuching from ?750°C, No precipitation
was observed which led to the cuaciusive that the solubility oi torun iu alpia
iron did not decrease below 750°C,

Recent studiesy or the solid solubility of boron in iron have been con-
ducted by Nicholson-”+*“, Boron was introduced into high purity iron wire by
the thermal decomposition of diborane (B2H6). This resulted in & layer of
Fe2B and a core of unsaturated iron, These specimens were then anneasled for
epproximately 150 hours and the boron in the core was deternined by chemical
and spectrograpbic anslyses, These results indicate a peritectoid reaction
es shown in Figure &4,

Summarizing the above, the solubility data obtained by Nicholson are
without doubt the most valid since the impurities which influenced the results
of the previous investigations were minimized,

The date reported by Wever and Mueller in regards to the substitutional
solid solution of boron in alpha iron is of doubtful value because of the ef-
fects of aluminum and silicon in such a study., Further studies of this type
both in alpha and gemws iron are desirable, Particularly, eince diffusion
data, to be reported below, indicates that boron forms an interstitual solid
solution in gamma iron, However, eince the data of Nicholson show a greater
solubility of dboron in s«lpha iron, one is forced to conclude that boron does
in fact form a substitutional solid solution in alpha iron, since the inter-
stitial holes in 2lpha are much emaller than those in the gamma phase,

4, Iron-Boron-Carvon Syptem. Although the iron apex of thLe Fe-~C-B
ternary equilibrium diagram is of extreme interest only two investigations
have beean reported in literature. In 1922 subsequent to the works of Walters
pertaining to the effect of small amounts of boron in steels, Vogel and
Tezmann2l studied the Fe-Fe3C-Fe2B system,

These authors reviewed the previous Fe-B binarys determined by Hannesen
and by Tschischewski and Hegdt and concluded that the latter's work was the
best, Thus, with some modifications resulting from theoretical considerationa,
they assumed the Fe-B system as determined from Techischewski and HeRdt's data,
The pseudo-binary diagram of Fe2B and Fe3C resulting from this study is shown
in Figure 5,

The development of this ternary was sccomplirbed by thermal analysis
and nicroscopic studies, However, these suthors did not record the amounts
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of impurities such as aluminum and silioon whioch Wever and Mueller lster
showed to exert a major influence on the transformetions. Vogel and Tammenn
ltl{o that the Fe-B-C alloys were extremely sluggish in approsching equili-
brium whioh oasts further doubt as to the wvalidity of their work. However,
Figures 6 and 7 show the solid state fields as determined by these authors.

D. 8. Clark 2L aonducted a metallographic study of the Fe-Fe3C-Fe B
system and substantiated the liquid-solid transformations as proposed by
Vogel and Texmmann. Clark states that the transformations in the solid state
were in agreement with Vogel and Tammenn's exocept in the region sontaining
less then one percent boron. The solubility of FeoB in alpha iron was less
than previously reported unless the alloy contained silicon oontents greater
than one percent. The ternery disgram showing the ternary euteotic (R') is
- shown in Figure 8, The melting point of R! is 1100°C. In addition, the
boundery of the surfaces of limiting solubility of boron and carbon in gamme
iron whioh terminate in V' along the dotted lines to the level of the ternary
euteotio is shown.

The alloys used in this investigation conteined boron ocont-nts abcve
0.2% and oarbon eontents of 0,2 to 3.8%. Thus, the region of the greatest
interest in regards to boron steels was not aoccurately determined and the
effeot of boron on the scommpenying trensformations is protably in error.

The above ternary studies are of little walue in regards to the study
of boron steels, Thus, an investigation of the region at the iron ¢,ex io
desirable.

5. Diffusion Data. There have been no quantitative dats reported in
literature on the diffusion of boron in iron 2lthough some estimates have besn
mede,

Digges, Irish and Carwile 25 observed a loss of boron in the de-
oarburized zones of commercial steels and state that the rate of diffusion of
boron was apparently of the same order of magnitud¢ as that of cerbon., In
speoimens with 0.4%X oarbon the diffusion of boron was equal to or greater
than the diffusion of oarbon, These authors ocalculated the rate of diffusion
of bo;ion from the droarburized ,one at a temperature of 1038°C as D = 2,0
x 10°' om2/se0. They further state thet this indioates that boron is in
the interstitual positions of gaama iron., Wells, et tla, recaloulated the
dig}mion coefficient from the above decarburized specimen as 1.3 x 10-7
om</ 860,

Campbell and Ry 26 gtudied the oase hardening effects of boron and
nitrogen on & low oarbon steel (0.12% C) and concluded that boron penetrates
the steel in much the same manner es does ocarbon under similar.conditions.
These authors observed that nitrogen is much more readily absorbed by a boron
steel than by a carbon steel, which they attribute to the formation of a stable
borio nitride. The value for the diffusion ecoeffioient of boron in iron was
oalculated by Wells, et al </ -from the works of Campbell and Ry and was found
to be 3 x 10~7 em2/sec. at 900°C,
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Kase29 reporte that the diffusion of boron in iron inocreases abruptly
ot the A3 point and the rate of diffusiofl follows the normal effect of
increasing with inoreasing temperature.

Cornelius and Bollenrath30 studied the migration of boron in steel con-
taining carbon conteats from 0.05 to 0.20X. The steel wae packed in ferro-
boron sand the diffusion eanneal was conduoted in a wvaocuum et 1100°C. The
specimens were decerburized and quantitative data oould not bte obtained.
liowever , these authors state that ocarbon has a detrimental effeot on the dif-
fusion of boron and that boron has a high diffusion rate ir iron and in steel.

Wells, Batz and Mehl?l did not obtgin conclusive evidence but state
that boron apparently lowers the diffusion coefficient of earbon at 11259C,

It should be rsstated that the above values reported for the diffusion
coefficients of boron and the effeot of boron on the diffudion of carbon are
only qualitative data. Interpretation of decarburized specimens is diffieult
and the interface resulting from packing ferroboron around steel would be very
poor. Furthermore, sinoe the studies were conducted on commeroial steels, the
offeots of other elements on the diffusion of oarbon end boron cannot be
neglected,

Seith and Deur32 studied the migration of carbon, nitrogen, boron and
niokel in iron under the influence of an electrical field. As an introduction
to this study these authors state that the oonception of eonduotivity by means
of free eleotrons implies the presence of metal ions ia solid metals. Thus,
on the passage of & strong current, not only must the eleetrons migrate to ihe
anode but also the metal ions must migrate in the opposite direotion to the
cathode. This migration is not deteotable in & homogeneous metal since the
metal lattioce is oonsidered as the system. If, however, the metal phase oon-
sidered oontalns two or more components whose mobility and charges sre of a
particular nature then & state may ocour in which the density of the positive
charges at the cathode becomes very large. This type of study has been oon-
ducted on numerous liquid alloys and some solid alloys and the resultant
phenomena must be explained due to the above discussed charge distributions

in the orystal.

The prineiple of this theory is that if equal sisze atoms are utilized
in the erection of the solid solution, then that one with the highsr positive
cherge will strive towards the oathode. In the case of different sige atoms
with similer charges, the smaller ones migrate to the cathode while the large
ones are orowded to the anode., If one subjected a homogeneous solid solution
to electrolysis between non-corrodable eleotrodes, dissolved charged substances
such as arise in the electrolysis of agqueous solutions is not expeoted, but the
component under oonsideration is conocentrated with respect to the ends of the
system until equilibrium is attained. The forces maintaining the balance are
those of the eleotrolytic transport in the direotion of the electrede and the
foroce of diffusion whioch tries to further equalise the resulting concentration
gradients, the theoretioal considerations show first the effeot of the atomie
size which is in agreement with experiments,but it does not prediot the

possible direction of migration, or the sigr of the charge. In many oases,
this is just opposite to what one might first expeet. In lead, the nodble gold
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rizrates to the anode. Also in cupper, the gold goes to the anode, Carbon,
wnlch forme a carbide with iron, goes on the other hand, to the cathode,

Results of this study showed tha%t carbon and boron migrated to the
catnode whereas nitrogen was transported to the anode, The authors concluded
thet tnese results indicate that nitrogen exists in the form of nitride and
has taken up electrons., Carbon and boron, on the other hand, are dissolved
ae ions, This might also be stated as the existence of stronger bonds between
nitrogen and iron than between carbon or boron &nd iron, The diffusion
coefficient of boron in iron at approximately 1040°C was estimated from the
data to be 1 x 1075 cmzlsec. It is cf interest that similar studies conducted
with nickel or silicon showed no apparent migration,

Dayal and Darken33 conducted similar tests with some modifications of
the technique and observed & migretion of carbon to the cathode in agreement
with the above authors, However, the difficulty in interpreting the results
obtained from mizration studies under the influence of an electric field
should be considered, Migration of an element to the cathode only implies
tuat the electron configzuration of the element, under the influence of an
electric field, has become of such & nature as to be positively charged, How-
ever, one cannot conclude from these results alone that the electron configura-
tion of the atom in its natural state is similar,

The primary purpose of considering the possible effect of boron on the
diffusion of carbon was that it was first thought that such an effect might
explain the effect of boron on the hardenability of steel, This thought stemmed
from the fundemental fact that the first product of the decomposition of
austenite in hypoeutectoid steels is proeutectoid ferrite and in order for
ferrite nuclei to exist carbon must diffuse away from this region, If boronm
in some manner prevented the diffusion of carbon then of asumss such nuclei
could not form and in this manner the decomposition of austenite would be
inhibited., As a result of this line of thought, the effects of the common
alloy!ngs elements such as molybdenum, chromium, nicksl, etc. on the diffusion
of carbon were briefly reviewed and apparently much confusion exists, Further-
more, very little is apparently known concerning the mechanism of these common
alloying elements pertaining to the decomposition of austenite,

However, it is of interest to consider some effects reported in litera-
ture. Darken’” reports on the diffusion studies of carbon in alloy steels con-
taining silicon or mangenese. At approximetely equal carbon contents carbon
diffuses from a high silicon to a low silicon austenite and from a low manganese
to 2 high manganese austenite, Silicon decreases the diffusivity of carbon in
austenite whereas equilibrium measurements show that esilicon markedly increases
the activity coefiicient of carbon in austenite,

Wells, Batz and Mehl>! also found some indication that silicon (2%)
lowers the diffusion coefficient of carbon at 1127°C,

Blauter35 studied the effect of nickel on the diffusion of carbon in
sustenite at 1000°,.1100°, and 1200°C, He states that the diffusion coefficient
of carbon increases continuously with increasing nickel,

Ham, Parke, and Herzig36 report on the effect of molybdenum on the dif-
fusion rate of carbon., These authors state that at approximately 1093°C, molyb-
denum has little or no effect on the rate of carbon diffusion, However, at
higher temperatures the rate is accelerated while at lower temperatures it is
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retarded. They further state that this retardation accounts for only a small
part of the effect of molybdenum on hardenability,

Smoluchowski3? found that at 1000°C both molybdenum and tungsten
retard the diffusion of carbon, The effect of tungsten was more than twice
that of molybdenum, This author states that there is no comnection between
the variation in lattice parameter of face-centered-cubic iron and the vari-
ution in the diffusion rate of carbon,

6., Effect of Boron on Thermal, Magnetic and Electrical Properties.

Early studies of the gloctrical and magnetic properties of fused boron are
sumparized by Mellor’®, It was observed that fused boron at ord%nary tempera-
tures is a very poor conductor, Its speciiic resistivity is 1012 tines that
of copper at ordinary temperatures, a value similar to that of carbon, How-
ever, unlike carbon, boron has an abnormally high negative temperature
coefficient of resistance as shown in Figure 9, Above 1000°C, the resistance
is but a fractional part of an ohm, S8Studies of fused boron also showed that
it behaved somewhat like a spark gap or arc rather than e snlid conductor.

A breakdown in voltage as in the case of an air gap was obrerved, (See
Figure 10), The fused boron studied was not pure crystalline boron so that
the properties reported can only be considered as qualitative data,

Yenlen77 studied the effect of beron upon the magnetic and electri-
cal properties of iron, He found that swall additions of boron as boron
suboxide (370) had 2 slightly beneficial effect upon the magnetic properties,
This was explained as probably being due to the reduction of iron oxide,

This beneficial effect reaches a maxim%t small contents and when sufficient
agount of boron suboxide was added to leave a measurable quantity of boron
combined with the iron a definite detrimental effect of the magnetic properties
was observed, Yensen also states the boron increased the specific electrical
resistance of iron by 0,62 microhms per 0,1% boron combined with the iron,

The purpose of the above study was to find an alloying element which would
reduce the last traces of iron oxide and not alloy wita the iron, Further-
more the chemical analyeis used was not acscurate for small amounts of boron

o that the data cannot be considered quantitative,

Clarkzu studied the effect of boron on the thermal conductivity of
steel and observed a very noticeable decreass as shown in Figure 11, It was
observed that the content of graphitic carbon decreased in the same manner,

C, ENGINEXRING ASPECTS
1, Deoxjdation and Removal of Nitrogen. With the exception of the

usual control mecnods used in processing & good quality steel up to the point
where the steel is in the ladle, no other conirol is indicated for the horon
steels, However, the deoxidation practice and the fixation of nitrogen are

of extreme importance because of the high affinity of boron for these elements,
Ignorance of this fact can probably explain the failure of early investigators
to obtain the boron effect at small boron additions and the confusion that
existed relative to the required amounts of boron,

Udy and Rosenthal?? found that full deoxidation of the melt was
required to avoid inconsistent hardenability results,
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Sevacal racant reviews of boron steelsl7s¥0 gtres: thot boron mast be
~rotected by prior additions of strcng deoxidizers sufficient to produce a
thoroughly killed #c¢ael,

5‘1‘2*": 15 ves? orimaril: pe the deoxidizing element and since the
geLesal igens a8 of o-‘*i*n s.lt 3 that boron lowers the coarseniag tempera-
re of ex't*'x‘e, oo eg%r2 avariauz is added to compensate for this effect.

<+ 0

Diggas ol Beitect¥l fouad taat the boron effect on nardensbility
diciclsned wheli Laeraasiag uiirogen cvatent, This effect was nil in steels
conteining 0,010F aisrogen, Bo:eve., if zhe nitrogemn was fixed oy additions
of titeniur or giesouiuvw the hardenavility offect is operative,

Imai and Imat¥? state that in general the nitrogen contents of steels
orepere? {n tha open hearth, or elactric arc and induction furnaces are as
follows: (1) opan hearth - up roximately 0,001 to 0,0086; (2) electric arc
ani ?Ah“..lnu furnaces - approziwaiely 0,006 to 0,040%, These euthors found
that ’F the ni%roegen contznt in eteals treated with boron was grester than
0.008% the boron hardenebility effect decreases markedly with increasing
emounts of nitrogen, at 0,02% nitrogen the hardensbility effect is negligitle.
In agreement with Digges and Reirnhart, the effect is operative if the nitrogen
is removed or fixed by titanium or aluminum edditions.

A patent 43 was granted to the Carnegle-Illinois Steel Corporation
covering the fixstion of nitrogen with titenium, This patent states that in
steels contairing more than 0,006% nitrogen, the titanium addition should be
at least five times the amount the nitrogen content which exceeds 0.006%,

Gurryuu showed by thermodynemic calculations that the deoxidizing
power of boron was better than silicon, vanadium or titanium and almost as
good as aluminrum or zirconium, Derge 5 studied the boron-oxygen eqpilibrium
in 1licuid iron and the experimental results differed appreciably from Gurry's
theoretical calculations, Experimental results s Eg the deoxicigzing power of
boron is comperable with that of silicon, Chipmen™ reviews the problem of
steel deoxidation and remarks that deoxidigers not only remove oxygen from
solution but also have a pronounced effect on the activity of oxygen in iron,
This author states that the discrepancy between Derge's and Gurry's data may
be explained by the effect of boron on tkhe activity of oxygen,

As & means of showirg the relative affinity of boron for oxygen and
nitrogen in comparison with some of the common alloying elements, the free
energies of formation for the oxides &nd nitrides were calculated from
exieting dzte and the results are plotted in Figures 12 and 13, It should be
stressed thet these results at best are only rough approximations, The free
enerzy ecustions used and date calculated are given in Tablesl-JL Of special
interest is the fact that aluminum appears not to be a decisive denitrider in
the presence of boron,

2. Type of Boron Additions., Investigaticns of boron steele have
incorporated both additions to the ingot molds and to the ladle, The latter
method is more feasible in commercial practice and several 1nvestigationc5 ’
report that the properties of boron steel produced in this manner were as
wniform as boron-free heats, These suthors state that in general, the properties
of toron steels were not critically dependent upon the kind of ferro-elloy in
wiich boron was added, Taese heets were prepared in the open heartr,
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Ccmtock\” reports on the effects of eight types of ferro-alloys
containing boron to steels prepared in an induction furnace, Results indi-
cate that the complex alloys containing titanium and zirconium were superior
to ferro-boron, This is probably due to the fixation of nitrogen which is
relatively high in steels prepared in induction furnaces,

Corbett and Wnliamy" added boron by additions of either dehydrated
borax or fused B203 glass and found such additions satisfactory,

3. BHardepability. Hardenability may be defined as the lowering of
the critical cnoling rate to obtain & fully hardened specimen, The prime
reason for adding alloying elements to steel is to enhance the hardenability
cf the steel and thereby the properties of the steel after quench hardening
and tempering., The tempered mertensite poscesses a greater capacity to
deform without rupture at any strength level compared to the same strength
level obtained by simple cooling or normalising., The decrease of the critical
cooling rate is well known as a displecement of the T-T~T curve to the right,

Staels subjected to hardenability specifications can be classified as
(1) enallow hardening, (2) medium hardening, and (3) deep hardening, Ia
general then, hardenability teste are designed primarily for only ome classi-
fication and these tests are described adequately elsewhereSS,

Grouma.n56 presented a method for calculeting the hardenability of a
steel from its chemical composition which i3 satisfactory for first approxi-
mations, There are many factors which make the determination of bhardenability
difficult and these are discussed by several authors57,58,59, Some of the
prominent factorse are (1) grain size, (2) concentration gradients of alloying
elements, (3) rate of carbon solution in austenite and, (4) non-metallic
inclusions,

The influence of the common alloying elements on hardenability has
been studied by calculating multipl{ing factors as proposed by Groesmen and
some discrepancies are observed$0,61,62,

Literature reporting the effect of small additions of boron on the
bardenability of steel is voluminous so that only the pertinent factors will
be considered below,

b, Effect of Carbop Contept on Boron Hardenabjility. First the effect

of cargon content on the boron hardenability should be considered, Grange and
Garvey 3 studied the hardenability of four series of plain carbon steels con-
taining 0,40, 0.52, 0,63, 0,74% carbon, It is skown that the increase in
hardenability due to boron decreases with incredsing carbon content (see Figure
14), The implication is that boron will not increese the hardenability of
hypereutectoid steels, Rahrer and Armstrong lavestigated steels containing
0.12 to 0.95% carbon and their date confirms the fact that the effect of boron
on hardenability becomes negligible at about eutectold composition, These
data indicate that the optimum effect of boron is achieved in steels of 0,40

to 0.60% carbon,

Crafte and Lanont0 also observed a decrease in boron hardenability
with increasing carbon content,

Only one investigation has been reported to date on hypereutectoid
steels, Brik, et 8168 studied a steel containing 1,07% carbon and small
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additions of boron, Results show that 0,003 to 0,005% boron retarded the
transformation of austenite at 400 - 560°C and the bardenability tests
parallel this stability,

A rount-roﬁn” states that indications are that optimum effects
are obtained when sise of the addition introduces from 0,0008 to 0,003%
boron into the through-hardening steels., The increase in hardenability
appears proportional to the boron content up to about 0,001% boron but
beyond this value the hardenability is not affected very much. In the lower
carbon steels the optimum effect is obtained at somewhat higher boron con-
tents and the proportional effect appears to continue above 0,003% boron,

It should be noted at this point that confusion may arise in regarde
to the optimum effect of toron and the correlation between hardenability and
boron content due to the so-called effective and ineffective boron. Appar-
ently only the boron atoms iu 20114 solution are effective in increasing the
hardenability; thus, any element which tends to tie up boron will decrease
this effective amount, Chemical analysis for such smll amounts of boren
as are utilired in boron steels is obviously difficult and analysing for
only the effective boron appears improbadlp, Methode used in a.nalyzing for
boron are presented in a reviev of boron literature by Dean and 5ilkes®5,
Apparently the colorimetric method using quinalizarin is the most satis-
factory, Some distinction between effective and ineffective boron may be
obtained dy analyzing for acid soluble boron as reported by Corbett and
¥illiams’™, These authors state that soluble and insoluble boron increase
linearly as total boron increases with insoluble boron increasing at the
greater rate, Jurther the amount of soluble boron dscreases with sn increase
of carbon content, Such a phenomens might have some bearing on the decrease
of the boron effect with increasing carbon content, The amount of soluble
boron also desoreasss with increasing silicon or manganese content,

5. Xffect of Other Alloying Blements on Borop Hardepabjlity. The

effect of boron on bardenability is appareatly enhanced by the addition of
other alloying elements such as chromium, manganese and molybdenun,

Comstock53 states that boron exhibits & better effect on nanganese steels

than on nickel-chromium steels., A similar effect 1s observed in manganese
steels over plain carbon steelsS2, Digges and Reinhart*l remark that the
effectiveness of boron in enhancing the ardenability increased with limiting
amounts of manganese, chromium, or molybdenusm, lighl contents up to 0,6%
d1d not have a similer influence, Several authore62,67 report that boron is
more effective in the complex triple alloy type of steel, Udy and Rosentball8
observed thad inoreasing molybdenum up to 0,40% snhanced the boron effect,

6. Rffect of Boron on the Trepsforsstion Polnts spd I-T-T Curvep.
The effectiveness of boron ir enhancing the hardenadbility of steel is believed
$0 be its action in retarding the rate of nmucleation of ferrite while i{n solid
solution in austenite, ZThus, ite effect on the transformmtion points and igo-
thermal studivs is of primery interest.

Digges, ot a141 gtate that boran .‘l‘pificmt influence on trans-
formation points and did not affect the Ns temperature, Dilatometer studies
of plajh carbon steels showed little difference of Aec), Acj or Ar) but the
Arj temperature vas lovered by 20 to 50°066, This indicates & retardation
of the nucleation of proeutectoid ferrite, A motable lovering of the Arjy
was observed in alloy steels containing bozon vhile again no change vas
noticed in the othsr transformation points 7,
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T-T-T diagraas and corresponding end-quenched hardenability curves
have been published by the United States Steel Compsny for several hypo-
eutectoid steels with and without boron additions5, A typical curve is
reproduced in Figure 15, DBoron exhidits a marked retardation on the bdeginning
of ferrite formation and on the formation of upper bainite, Just below Ae)
boron apparently has little retarding effect on the formation of pearlite
and may even accelerate the pearlite transiormation, The effect of boron is
predominant in ths temperature range where fine pearlite and upper bainite
are formed, It is of interest to note tbhat the times required for the completion
of austenite decomposition are not aprpreclably affected by boron additions, Thus,
in general, the elapsed time betwvseii taginning and end of transformation is less
for steels containing boron tban 1. ncu-boron steels, '

Brik, et albe studied two boion steels containing approxinately 0,48p
carbon and 1,07% carbon, For the latter steel they report tnat 0,003-0,005%
boron retarded the trénsformation of austenite at 4CU ~ 560°C and in the 0,48%
carbon steel at 320 - 560°C, Further incresses in boron 2cceleruted austenite
decomposition; at 0,006% boron the austenite transformation was faster than
without boron, At higher temperatures (620 - 650°C) even the smallest adcition
of boron accelerated the rate of austenite transforwation, Studies of a 0,30%
carbon steel showed & change in the shape of the curve with additions of boron®®,
A decrease in the quantity of proeutectoid ferrits was visible in the structure,
The largest effect of boron was observed &t the knee and in the upper bainite
reglon,

Potaszkin and Jaspart67 report that the results of the isotbermal studies
of Ni-Cr-Mo steels containing boron were similar to the results reported above,
Boron shifts the T-T-T curve far to the right, 4An important retardatioa of
prozutectoid ferrite and a stabllization of austenite 1n the bainitic region was
observed. The nose of the curve is around 600°C but the temperatire above which
boron accelerates transformation is 650°C, Below this temperature boron retards
the decomposition of austenite,

7. Influence of Heat Treating Variables on Boron Hardenability, In
genersal, for any given steel, an increase in austenitizing temperature with
accompanying increase in grain esize results in increased bhardenability, However,
boron steels do not behave in this menner, Grange and Garveyg3 studied the
offact of austenitizing temperetures upon the hardenability of several bhoroa steel
The hardenability was less at austenitizing temperatures of 1093°C (2000°F) than a
816 to 871°C (1500 - 1600"F), Figure 16 shows the results obtained with a 0,25%
cerbon low alloy steel with and without boron, Full hardenability of samples
treated above 5829 could be regained by a second treatment &t the optimum tem-
perature of B43°C,

Potaszkin and Jaspart67 subjected Jominy test specimens of Ni-Cr-iio
steels conteining boron to the following treatmeats: (1) austenitized at 875°C,
then water quenched; (2) austenitized at 1100°C, quenched to 875°C, then quenched
in water or oil, The higher austenitizing temperature resulted in slightly less
hardenability, This decrease in hardenadbllity was accompanied by a characteristic
boron constituent At the grain bounderies,

Digges and Reinhart*! investigated the effect of austenitizing temperature
on hardenability for some experiraental boron stesls containiig manganese, In
gome cases higher austenitizing temperatures wers benefi¢ial but detrimental in
other cases, The accompanying increase in grain size with increased esustenitizing
temperatures could explain the increased hardenability for a few steels, However,
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although the grain size was increased in some cases the hardenability decroased,
Tnis suggested that some other factor besides grain size is operative which is
in agreement with the Grange and Garvey report,

Digzes, Irish and Carwile? conducted a study of the critical cooling
rates as a measure of tne hardenability of several high purity steels, The
critical cooling rate decreased (hardenability increased) continuously with
increased quenching temperatures (from 816 - 1093°C) for non-boron steels con-
taining 0,32% carbon, For 0,50% carbon steels the critical cooling rate was
not affected by changes in austenitizing temperatures over a range from 77+ to
1093%C, With a 0,70% carbon steel, this rate was approximately constant when
the alloy was quenched from $emperatures of 774® to 871°C but decreused rapidly
with increasing temperatures between 871° to 982°C and less rapidly with further
increases up to 1093°C,

For the alloys containing boron, the critical cooling rate decreased
continuouely with increase in quencaing temperatures when the carbon content
was 0.47%, With 0,74% carbon a constant rate was observed in the temperature
range from 774° to 871°C and a slight decrease in the rate from 871® to 1093°C,

It s stated that the improvement in hardenability of the boron treated
alloys was confined primarily to the hizh range in austenitizing temperatures for
the alloys containing approximately 0,5% carbon and to the low range when the
carbon content was about 0,7+, The above data were obtained on specimens pre-
pared from homogenized bars and it was shown by the authors that the effect of
boron was adversely affected during this operation, Consequently, only tentative
conclusione can be made from this work,

Boron does not increase the resistance to softening or tempering as
does other alloying elements, Thus, tne teampering temperature for boron steels
ie generally a little lower taan required for lean alloy steels,

8. Effect of Boron on the Meghanical Properiies., The effect of boron
on the engineering factors such as notch toughness, temper brittleness, tensile
and yleld strengths, etc. are sdequately reviewed in mumerous recent articles
and will not be considered nere?0¢83, Boron epparently either exhidits no effect
or a detrimental effect on the properties of plain cardon steels in the normaliszed
state, However, it is of interest to consider the results obtained by Bardgelt
and Reeve”’, This paper discusses the resulte of mechanical tests obtained on
several series of low carbon (0,04 to 0,18%) low~alloy steels containing boron
in the normalized condition, Additions of (.003% boron to a mild steel had no
effect on the mechanical properties, BHowever, the same amount of boron when
added to the same steel with 0,58k molybdenum resulted in an almost doudbling
the maximun stress and yield stress at the same time retaining good ductility
aud toughness, The most promising steel contains 0,40% molybdenum, about 0,50%
manganese and 0,0015% boron,

D, _BORON IN CAST AND MALLPABLE IRON

It 18 of interest to consider the effect of boron in cast irons as it
portrays & reversal in its effect on carbon, Schwartz/l states that the sddition
of 1,0% boron to white cast ironremdered the iron unannealable, However, about
0.1% boron increased the rate of graphitization at high temperatures and 0,04%
increased it further, Additions of 0,00l% considerably accelerated the anneal,
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Eckman and Maack’2 obtained patent rights for the small addition of
tellurium and boron to casé iron, Tellurium (0,001 - 0,015%) prevents the
fornmation of primary graphite during castirz and the boron (0,001 to 0.01%)
accelarates graphitization during annealing. Further studies of boron in
cast irons are reported by several other authora?3,74,75,

B, MECEANISKE PROPOSED TO EXPLAIN BORON HARDENABILITY

¥o comprehensive mechanisms have been proposed to expleain the effect
of boron on hardenability. Boss’8 speculates that this effect can be explained
by assuming that even very small amounts of FeO or Fe203 have & very harmful
offect on hardenadbility, Thus, boron acts as an unusually strong deoxidizer
which completely reduces the iron oxide and that a small excess of boron is
harmful to hardenability. However, this hypothesis does not appear likely on
ths basis of the deoxidizing power of boron as deteruined by either Derge or
calculated by Gurwy,

Dean and Silkea65 state that the remarkable effect of boron on harden-
ability up to 0,0025% and the decrease or reversal effect beyond that point
indicates a different mechanism of action than in the case of mangsnese,
chromium, molybdenum and other alloying elements., They state that a dispersion
of the boron in austenite is more likely than solution,

Chandler and Bredig79 propose that boron bebaves as & fluxing agent
upon the particle size of anitrides of other eliements rather than an alloying
agent or as a compound former with nitrogen., This iz based on the assumption
that the nitrides act as nucleating agents in the decomnosition of austenite
and that the boron behaves as & fluxing agent in reducinz the critical sixe
of these nitridss below which they are ineffective, This hypothesis appears
to be in direct contradiction to the experimental data reported by Imai and
Imai"z. These latter authors, as reported below, found that boron promotes
the precipitation of visible nitride particles,

The investigatioms coanducted by Corbett end Uilli&mjb show that soluble
boron does not increase much beyond the point of maximum hardenability at 0,0025%
total boron, These authors believed that both soluble and insoluble boron affect
the hardenability but no mechanism was proposed,

Imai and Imai*? also found & mAxisum in berdensbility with tkas addition
of about 0,003% to a medium carbon steel (0,3%5), Furtaer increase im bdoron
showad a sharp decrease in the hardenability effect, These autnors isothermally
transformed specimens below 400°C and showed tbat boron accelerated the precipi-
tation of nitrides and suppressed the formation of carbide., Thus, they proposed
that the nitride precipitant acts as transformation nuclei for the formation of
martensite and also increases the stahility of the autenite,

The above authors show that for a steel containing approximately 0,3%
carbon and 0,004 to 0,006% nitrozen the maximum hardenability is attained at
0.,0027% total boron. The hardenability decreased sharply with increasing boron
contunt un to 0,005% boron. With further increase in boron up to 0,041% the
hardenability effect decreases slightly, This was explained by the fact that
the precipitation of FezB or a double compound of boron was first obeerved at
the grain boundaries with additions of about 0,0027% boron, Below this value
evidently the boron content is below the saturation point, Above 0,0027% boroy,
the amount of this characteristic precipitate increased markedly, Therefore,
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on quenching these preciritates act as nuclei for the formation of ferrite and
thus decrease the relative hardenability, Hence, the critical amount of boron
for the steel studied should be lower than 0,0027%,

Grange and Garvey63 found the best correlation betwsen hardenability
and the quantity of the characteristic boron constituent at austenite grain
boundaries which is obtained by a special heat treatment. The authors c-ate
that if the boron content is less than 0.0004% the compound does not form,
Grange and Garvey propose that the boron atoms are preferentially lotated at
the austenite greir boundaries Just prior to transformation and in some mAnner
inhibit grain boundary nucleation, It is further assumed that this enrichment
of boron atoms at the grain boundariee may result in some precipitation of a
boron compound but that only that boron remaining in solld solution is effective
in retarding nucleation of ferrite,

It is of interest to rnote that these authors state that the effect of
austenitizirg temperatures on boron hardenability may be explained due to an
unfavorable distribution of boron in austenite, At relatively low austanitizing
temperatures undissolved particles remain which might contein some carbon and
boron atoms, The decrease in boron hardenability of the higher carbon steele
may be due to insufficient austenitizing temperatures for the solution of such
particles, It is further stated, however, that higher austenitizing temperatures
may lead to unfavorable distribution of voron and result in decreased hardenability,

This so-called unfavoreable distribution may be explained by the grain
boundary mechanism proposed by Spretnak aad Speioereo. Assuming that boron in
iron exhibits a positive deviation from Raocult's Lew it is shown that such
solute elements are preferentially absorbed at grain boundaries and this enrich-
ment increases with increasing temperatures,

Thus, when the absorption of boron exceede the solubility limit at e
given temperature a boron compound may precipitate, Then upon quenching from
this temperature the precipitate act ®a nucleating agents for the decomposition
of austenite and tims reduce the relative hardenability.

CoraonBl suggested that boron incresses hardenability by acting as a
scavenger for some deleterious agent, such as perhaps nitrogen,

Digges, Irish snd Carwile?d state that only the boron in so0lid solution
is effective in enhencing hardenabllity and that it decreases the rate of
aucleation of ferrite and carbide,

~
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I1X. THE MECHARISN OF THE BOQRO¥ FTIC?

J. JNTRODUCTION

The primary obJjective ef this research project is the clarifiocation of
the mechanism of the beroa hardenability effect in heat treatable steels. Ao-
cordingly, ons of the results of this correlated review of the pertinent
{aformation on boron should be a working hypothesis based en a critical eval-
nation of data on decomposition of austemite in general and on data relating
te the transformations in boron treated steels., Such a hypothesis would serve
as a basis of planning and designing ef oritical experiments on the boron
effect,

ECIFIC EFFPECTS (

It is logieal first te consider the specifio effects of doron in har-
denable steels, The principal effect, of course, is a significant increase in
hardenability with as little as 0.0005% boron; i.e., the critical cooling rate
is decreased by boron., The effectiveness of boron is inversely proportional
to the carbon content and is essentislly 11l at eutectoid composition, There
is some divergence in epinion as to whether or not boron exerts an effect in
hyper-sutectoid steels. However, the best information indicates that the boron
effect is indeed restricted to hypo-eutectoid steels, This point should de
established definitely by experimentation since it is important fundasentally,
Accepting the adbove tentative conclusion, one can state consequently that the
effectiveness of boron is inversely proportional to the amount of pro-eutectoid
foerrite characteristic of the ¢arbon content,

Examination os transformation diagrams of boron steels leads to some
general observations: 5

1, Boron effectively delays the start of transformation in the tem=
perature range from A.3 to roughly the middle of the bainite range.

2, Boron likewise delayn the teginning of the transformation to
pearlite following the formation of pro-suntectoid ferrite,

3. Boron has essentially no sffect on the time for completion of the
transformation., A single exception can bn cited for the upper bainite region
Just under the nose of the curve, This rogion will be discussed in a subsequent
section, It appears tha{ this effect 1s a rssult of a change in the basic:
transformation mechanism induced by boror in this temperature range.

Fron the viewpoint of engineering properties, it may be said that in
general boron imparts only & hardenability effect without a change in the
inherert combination of mechanical properties when quenched out to martensite.
Care must be exercised in comparing properties always to take into account
the base composition of the steels, There are some reports that boron reduces
impact properties, but this point needs clarifioation,
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H, GRAIN BOUNDARY EFFECTS

There have been at times suggestions that boron may form a film
entirely around the austenite grain or that a film of the compound Fe,B
may similarly form and be the mechanism of the hardenabllity effect, 1In
this connection, it is of interest to examine some of the ramifications
of the concentration range of boron employed, namely 0.0005 to 0,003 per
cent in a grain size range of ASTM Grain Size No, 1 through 10,

The ratio of the iron to boron atoms and the number of unit cells
of gamma iron per boron atom are listed in the following table:

Batio of iron No, of Fe unit
Weisht % B $o boron atoms gells per boron atom
0.0005 3.87 x 10‘; 9.97 x 10°
0.0010 1.93 x 10, 4,83 x 103
0.0015 1.29 x 10 3.22 x 102
0.0020 9.68 x 103 2.42 x 103
0.0025 ?.75 x 100 1.94 x 102
0.0030 6.65 x 103 1.66 x 103

It 18 of interest to note that even at the highest concentration, there
are 1600 unit cells of iron per boron atom, assuming, of course, & uniform
distribution of boron,

The .:c -ater, area, volume, and number of unit cells for the various
grain sig - listed in Table III, along with the total number of boron
atoms per _. .. as a function of grain size and composition, Despite the
low concentrations, the total number of boron atoms per grain is of an appre~
clable order of maegnitude,

The possibility of forming a complete boron film on the grain boundary
is first considered. JFor the purpose of this calculation, the extreme case
of 1004 adsorption of boron to the grain boundary is assumed, (In reality,
this is highly improbable because of the very limited solid solubility of
boron 12-11-011.) Boron prefers to crystallize in equilaterisl hexagonal
sheets; 6 the selected value for the length of & side 1s 1.80 A, g lélpl.
caleculation shows that two boron atoms cover an area of 8.4 x 10'1 om”,

By using the surface area of the grain and the total number of boron atoms
per grain, one can test the possidbility of such a bdoron network for various
grain sises and ooncentrations, At 0.0005&R, such a film is possidle for
grain sizes up to Grain Sise No, 6; at 0,001% B, the film is possible up

to zrain size No, 9; at 0,015 B, the film is possible up to grain sisge ¥o,
10, At higrhar concentrations, the boron film is possible for all the grain
sizes considured, Again, it should be emphasised that this assumes 100%
adsorption of boron., Susch an event is highly improbable, since on resaching
the limit of solubility in the grain boundary area, further adsorption could
ocour only through the precipitation of Fea2 from solid solution, If such
a film does form, it would be expected that it would bave & pronounced effect
on the interfacial tensiorn,
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TABLE II]

a AS a Number of
ASTM Dimmeter Surface Area Volume of Number of Cube Taces
iiﬁ. M;::ona o ggin G:; i Eg.ie.:‘__g:_g;_ :&m
1 280 2.57 x 103 1,22 x 1070 2,55 x 10*7 1.9 x 1012
2 200 1.28x 103 4,32 x10° 8.98x10% 9.70 x 2011
3 150 6.4k x 10 154 x 107 3,20 x 1016 4.87 x 10%!
s 100 3.21 x 1004 5.43 x 107  1.13 x 106 2,43 x 1011
5 70 1.61 x 10  1.92 x 1077 3.99 x 1085 1,21 x 101!
6 50 8.04 x 1005 6,78 x 1v-8 1.41 x 105 6,08 x 1010
7 35 4,02 x 1070 2,39 x 1078 4,99 x 10}% 3,04 x 1010
8 24 2,03 x 10~  3.58 x 1079 1.79 x 10}% 1,53 x 1010
9 18 1.02 x 1075  3.05 x 1077 6.3 x 1083 7,70 x 109
10 12 4.52x10% 9.05x * 1,88x 103 3.42 x 109
AS™ Nupber of Boron Atoms per Grain
m.o.ooos 00010 0.0015 0.0020 0.0025 0,00
1 2.63x 1013 5.27x103 7.90 x 2013 1.05 x 10/ 1.32 x 10 1.58 x 10%4
2 9,29 x1012 1,8 x1013 2.79 x 1013 3.72 x 1013 4.64 x 1013 5.58 x 1013
3 3.31 x 1012 6.62 x 102 9,93 x 1022 1,32 x 1013 1.66 x 1083 1.99 x 1013
b 1,17 x 1012 2,34 x 1012 3.50 x 1012 4,67 x 101% 5.8 x 1012 7,01 x 1012
5 4,13 x 1011 8,27 x 1011 1.2% x 1012 1.65 x 101° 2,07 x 1012 2.48 ¢ 1012
6 1.46 x 1011 2,92 x 101 4.38 x 1021 5,84 x 1011 7.30 x 1012 8,76 z 101
7 5.7 x1010 1,03 x101! 1.55 x 1011 2,06 x 101! 2,58 x 101! 3.10 x 10M1
8 1.85 x 10°° 3.69 x 10" 5.5% x 10'° 7.39 2 10'° 9.2 x 20*° 1.11 x 10M
9 6.58x10% 1.32x10% 1,97 21010 2,63 x101° 3.29 x 10}° 3,95 x 1010
10 1.95x109 3.89 x107 5.8 x109 7.79x109 9.7 x 109 1.17 x 1010

b
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It can be next assumed that as the limit of solid solubility of
boron at the grain boundary is exceeded through the adsorption effect,
some boron would be precipitated as FepB, allowing subsequent adsorption
to continue. It could be argued that such & process asould be continued
until all the boron atoms have been precipitated at the grain boundary,
forming & film of Fe,B on the grain surface, Caloulations were made on
the possibility of forming a single layer of FesB o.. various grains at
several concentrations of boron, Such a film is poss’'dle up to grain size
No, 7 for 0.0005% B, up to grain sise No. 9 for 0,0010% X, and up to grain
size No, 10 for 0.00156 B. The FeoB film 1is possible for all grain sises
considered in the concentration range of 0.0020 to 0.0030% B,

Although these calculations show that an iron boride film is poss-
ible in some cases from a concentration viewpoint, certain aspects of the
boron hardenability effect lead to the conclusion that such a film does not
form in ordinary heat treating procedures and that such a film is not re-
sponsible for the hardemability effect. First of all, it is well agreed
that the magnitude of the hardenadbility effect is dependent upon the amount
of boron in solid solution, Secondly, from the behavior of the metallograph-
ic test for boron, it appears that boron does not readily precipitate out
at temperature in the austenite range, The initial step in the metallograph-
ic test is to austenitize at a very high temperature. It is presumed that
this stepr builds up the boron content in solid solution at the vicinity of
the gzrain boundaries by adsorption effects. The specimen is then quenched
rapidly to a sub-critical temperature to develop & ferrite rim., It is ob-
served that the boron precipitate is formed with time in the ferrite rim
from the solid solution which became supersaturated as a result of the
temperature change; the precipitate does not form at the austenitizing tem-
peruture, A third factor is the observation that the boron is more effect-
ive with faster cooling rates through the austenite range, At intermediate
cooling rates, it would te expected that the precipitation of Feo,B would be
promoted, and slow rates would allow boron in the grain boundaries to diffuse
back into the interior of the grain on reducing the temperaturse,

Although it is very unlikely that either a boron film or an iron
Yoride film is the underlying boron hardenabdbility mechbanism, the possibil-
ity of adsorption effects involving boron in solid solution in austenite
appears to be of primary importance in explaining some aspects of the boron
hardenabllity effect. By adsorption it is meent the enrichment or deple-
tion of a solute atom in the vicinity of the grain boundary without precipi-
tation as a result of surface tension effects. Positive adsorption signifies
an enrichment of the grain boundary and negative adsorption a depletion of
the solute at the grain boundary. The underlying principle of adsorption
effects is the minimizing of the total free energy of the system by mini-
mizing the surface energy. A solute species with surface tension lower than
the solvent specles would tend to concentrate at the grain boundary and in
the reverse case, in the interior of the grain, Effects of this type Lave
been reporied previously in the literature for aluminum-copper alloys®® and
for zinc-copper alloys,

Spretnak and Speiserso have examined the thermodynamic conditions
leading to adsorption effects., The followiny basic equation is given:
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where

¥,,X, = mole fraction of solvent and solute respectively
in ths homogeneous phase

f' (- surface excess
J = surface temsion
R = gas constant
T = absolute temperature
f, = activity of colute in the homogeneous phase,
Positive adsorption occurs when T
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Examination of Equation 1 shows tbhat if the surfaoe tension de-
creases as the mole fraction of solute in the homogeneous phase is increased,
an excess of solute will be present in the surface phase, whereas if the
surface tension increases, there will be a deficiency of the solute in the
interface,

and negative adsorption occurs when

It was further demonstrated that the temperature coefficient of
adsorption is positive if the temperature coefficient of the surface ten-
sion is negative, Also, the positive adsorption at the interface is greater,
the greater the positive deviation of the homogeneous phase from Raocult's
law, Phase separation can be considered as a case of extreme physical ad-
sorption at the interface. Carbon has been found to exhibit a marked positive
deviation in austenite, Since one would expect the surface tension of
solid iron to decrease with temperature, carbon will concentrate increasing-
ly at the austenite grain boundaries with rising temperature and will diffuse
awvay from the grain boundary with decreasing temperature., Formetion of pro-
eutectoid ferrite can be considered to be a case of extreme negative adsorp~
tion on reduction of temperature into the sub-critical range,

There are no direct data as yet on the activity of boron in austen-
ite, However, certain aspects of the hardenability effect strongly point
to the occurrence of significant adsorption effects of boron in gemma iron,
Important to consider in this respect 1s the metallographic test for boron.63
Briefly, the process is to austenitize the specimen at a very high tempera-
ture, quench rapidly to a sub-critical tcmperature at which a ferrite rin
can form, and finally a quench to room temperature in order to coavert the

WADC TR 52-140



remaining austenite to martensite, The boron precipitate occurs as fine
dots in the ferrite rim, It is evident that the solid solution at the
grain boundary brought down from the high temperature must become a super
saturated solid solution at the reaction temperature; the concentration
at the high temperature must be more than the solubility at the ferrite
reaction temperature. This enrichment can be explained by increasing
positive adsorption of boron with increasing austenitizing *emperature,
It is also necessary to cool rapidly through the austenite range to pre-
vent diffusion of boron from the grain boundary to the interior of the
grain as discussed previously for the case of carbon, In agreement with
this explanation, it 1s observed that the higher the boron content, the
lower is the austenitizing temperature required to form the boron precipi-
tate,

It is of interest to consider the order of magnitude of the ad-
sorption effects, JFor the purpose of these calculations, ASTM grain size
No. 7 is selected and the solubility of boron in austenite is estimated to
be 0.0015% at the sub-critical reaction temperatures; the enriched grain
boundary area will be assumed to be 50 3 in thickness. For an initial
boron content of 0,0005%, 0.085% adsorption will be required to double the
boron content in the grain boundary volume, This means that 0.08 %6 of the
boron atoms in the interior of the grain must diffuse to the grain boun-
dary. To obtain 0,0015% B (the assumed saturation) at the grain boundary,
0.17% adsorption is required, In the case of initial content of 0,001% B,
0.043% adsorption would be required for saturation, It is evident that the
magnitude of adsorption effects to enrich the grain boundary volume is of
relatively small order,

In this connection, it is of intorest to note that 0.000%2 is
reported to be the lower limit for otteining the boron precipitate, > Using
again the assumed solubility of 0,C015% B at the sub-critical reaction tem—
peratures, it is evident that employing the maximum austenitizing tempera-
turs, the grain boundary can be enriched by adsorption to a maximum of
somewhat over triple the average concentration,

1., CLUSTERING EFFECTS IN AUSTENITE

There are two basic steps ir the formation of pro-eutectoid ferrite
from austenite in steels, The first step is the depletion of carbon content
in a reglon to a concentration corresponding to the solubllity of carbon in
alpha iron, The second step, of course, is the transformation of iron from
the face centered lattice to the body centered lattice, The sequence of
steps might be argued, namely that the transformstion precedes the partitiop-
ing of carbon, However, the latter sequence is not likely as will be dis-
cussed in detall in ihe section on the mechanisx of transformation of
austenite to ferrite,

Thus, an important step in the formation of pro-eutectoid ferrite is
the occurrence of embryo of austenite with very lovw carbon contents. A
schematic diagran is given in Figure 17 for distributions of embryo con-
centrations in a hypo-eutectold steel for the cases of 1deal solutior

WADC TR 52-140



£4779ep] WOl WOTIWIAST @ATJETON PuUw ‘UOTINTASQ @AT3TEOL ‘Jotavyeg
aog3niog 07 [sameg OLIqmy JO UOTINQIIISTY I0F WeIFEIQ OTIENUOS < LT edudyg
Footfersids

—-— 2% ad
9%ed
o
£ S
! o
_ o
=4
uobiAgp aalpbaN ¢ _ 2 =
UOIDIARD 2AI}ISOd 2 | .A*
uoynjos |oap| | uoijisodwo)

- 2la -

WADC T 52-140



behavior, positive deviation from Raoult's law, and for negative devia-
tion from Raoult's law, The diagram is a method of illustrating the
concentration fluctumtions in austenite. JFor the case of the ideal solu-
tion, the distribution is symmetrical about the average composition as

the central value, In this case, the probability of obteining compositions
corresponding to either ferrits or cementite is low. If carbon exhibits

a positive deviation in austenite (as it actually does), then the distri-
bution of compositions is given by Curve No, 2. Now the probability of
obtaining composition of clusters corresponding to ferrite is relatively
uigh and that for cementite 1s low, If a negative deviation is exhibited,
the distridbution curve is shifted to higher carbon contents increasing the
probabllity of nucleating cementite (Curve No, 3), In a hypo-eutectoid
steel, the nuc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>