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THE USE OF A BORON ADDITION TO PREVENT INTERGRANULAR

EMBRITTLEMENT IN Fe-12Mn.

By
S. K. Hwang and J. W. Morris, Jr.
~ Department of Materials Science and Mineral Engineering and

Materials and Molecular Research Division, Lawrence Berkeley
Laboratory, University of California, Berkeley, CA. 94720.

s - : Abstract

Fé-l2Mn alloys undergo'failure by catastrophic intergranular frac-

ture when tested at low temperatgre in the as—austenitized condition, a
consideration whiéh_g;eventsvthgir use for structural applications at

. cryogenic temperagﬁ;e;. fh;‘;reséné feégérch w;s undertaken to identify
modifications in é;loy cdmposition_or heat treatment which would sup-
press this embrittieﬁeﬁt. Chemical and microstructural.analyses were
made on the pripr;augteﬁite grain boundaries within thé alloy in its
embrittled state, T@ese;sfudies failed to révé;l.a'chemical or micro-

P . :
"fdﬁ the brittleness, suggesting that intergranular

structural source

gerent to the alloy in the as-austenitized condition.

brittleness is %l
The .addition of 0.002 to 0.01 weight percent boron successfully prevent-

1%

. e | . ' ) L . .
‘ed intergranular, fracture, leading to a spectacular improvement in the

[
{

low temperaturéiiﬁpéét toughness of the:alloy. Autoradiographic studies
“ suggest that bé;dﬁ ségregates to the ausﬁenite grain boundaries during
annealing at:téﬁsé;étures near 1000°C. The cryogenic toughness of a
Fe—lZMn—0.00éBfgllO?zcould be further improved by suitable tempering

treatments. However, the alloy embrittled if inappropriate tempering



temperatures were used. This temper embrittlement was concomitant with
the dissolution of boron from the prior austenite grain boundaries, which

re-establishes the intergranular fracture mode.
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INTRODUCTION

The ferritic steels-which are éurrently available for structural
use at cryogenic temperatures contain significant nickel alloy additioné
(5-9 wt.%Z), with the result that they are relatively expensive. The.mostv
obvioﬁs element to substitute for nickel in high;alloy steels is manga-.
nese, which_résembles nickel in many of its chemical and microstructural
effects., Reééérch on the cryogenié pfoperties of Fe-Mn alloys has hence
been undertaken in a number of labdratories.1 While prior research has
yielded several alloys which retain excellent toughness at cryogenic
temperaturez-s, these alloys are austenitic grades which are relatively
low in structural étrength and very high in manganese content (18-25 wt.%);
The develbpment of a ferritic Fe-Mn cryogenic steel poses a recalcitrant

problem7—lo'which_has been the subject of a continuing research effort in

this laboratory;ll—ls

The previous.research in this laboratory fbcused largely on alloys
of composition near Fe-12Mn, This composition develops excellent struc-
tural strength on cooling to liquid nitrogen temperatufe (-196°C) but has
a relatively high ductile—to—bfittle transition temperature due to the on-
set of:intergranular fracture at temperatures only slightly below ambient.
The research hence concentrated on the suppfession of intergranular frac—
ture. In earlier workll_14 thermo-mechanical treatments were identified
which eliminate intergranular brittlenéss and impart an excellent strength-
toughness combination at -196°C. The treatments required are, however,
mére elaborate ﬁhan is desirable_in the processing of plate steels. Fur-

.1 . . i
ther research > led to the demonstration that intergranular fracture can

be suppressed by controlling the rate at which Fe-12Mn is cooled through



thevmartensite transfofmation after a normaliéing treatment. Howevef,
follow-on work revealed that the decfease in the ductile—brittle tfansi— ‘
‘tion temperature obtained in this way is sensitive to variatioﬁs in alloy
Chgmistry and heaf treatment, with the result that feproducible ﬁroper—
.ties are difficult to obtain. Given the tantalizing, bﬁt.partial, suc-
cess obtained it was decided td return to fundamental research into the
sources of embrittlement in Ee-lZMn in the hope of identifying a direct
and reproducible means for controlling it,
EXPERIMENTAL PROCEDURE

The allbys described in the following were cast as 10 kg ingots
af£er vécuum induction melting in a helium gas étmosphere. The nominal
composition of the base alloy was Fe-12Mn (compositions are given in
: weight percent unless otherwise noted): Small amounts of titanium (0.1%)
and aluminum (0.0SZ?.were added to the base composition to getter inter-
stitiél impurities. The boron modified ingots had boron contents from
0.002 to 0.1 weight percent. An‘analysis of the éomposition of a nomi- .
nally Fe—lZMn—O.liiv0.05A1—0.002B alloy by optical emission spectroscopy
gave the composition: '11.8%7 manganese, 0.0023Y% boron, 0.15% Ti, 0.007%
Al, 0.007% Cc, 0.008% N, 0.0024% O, 0,005% P, and 0.006% Si. |

The cast ingots were homogeﬁized at 1200°C for 24 hours in an argon
atmosphere, were forged, and were then rolled into plates of 13mm thick-
ness. Specimens for mechanical testing were premachined from these plates.
Before final machining, all specimens were given an austenitizing treat-
ment at 1000°C for 40 minutes and were then cooled in.air. The tempering
treatments referred to in the text were conducted on the austenitized
blanks and were-folldwed by watef quencﬁing¢

Charpy impact tests were conducted on 1 cm x'1emx 5.5 cm



longitudinal specimens, Venotched accoxrding to ASTM specifications. Ten-

éile tests were conducted on sub-sized cylindrical specimens having 13mm
gage length and 3mm gage diameter. The tensile specimens were cut with
axis parallefﬁio the rolling direction of the plate.

The specimens used for #—ray diffraction analysis, 1ight microscopy,
and transmission and scanning electron microscopy were prepared from
broken Charpy bars. All x-ray diffraction measurements werevmade on

sectionsvlongitudinal to the rolling direction. Auger electron spectro-

scopic studies were carried out in an Auger electron spectrometer equip-

.ped with a fracture stage to prepare surfaces by fracture in vacuum.

. An autoradiographic techniqﬁe16 was used to monitor the distribu-
tion of boron in boron-containing alloys. Metallographically mounted and
polished specimens were covered with celluose acetobutyrate replicating
tape. They were then exposed to a thermal neutron flux of 4.0 x 10?
N/cmz-sec for three hours. Alphé particles produced by boron iéotope
decomposition dﬁring the irradiation make impact traces oﬁ the plastic
film. Aftef irradiation fhe films were removed from the specimens and'
etéhed with 10M KCH at 50°C. An incident beam.dark field technique in a
light microscope was used to record the images of the alpha tracks. .

| RESULTS |
g) Sources of Intergranular Failure in Fe-12Mn
The ﬁominally Fe—léMn alloy.becomes brittle aﬁ a temperature slight-

ly below room temperature due to the onset of a catastrophic intergranu- -

lar fracture, as revealed by the scanning electron fractograph presented

"in Fig. 1. The fracture path follows prior austenite grain boundaries.

As discussed in ref. 11 the onset of intergranular fracture is only

slightly affected by changes in the austenizing temperature, by normal



variations in the cooling rate; or by minof.édditions of third alloying
elements such as titanium, aluminum,'or molybdenum.

Catastrophic intergranular failure in structural steels is usually
attributed to one of two causes: the segregation of an embrittling
metalloid impurity to the grain boundary, or‘the development of a second
phase along the grain boundary. Both poésibilities were investigated.

The segregation of species to- the prior austenite grain boundar
was monitored through Auger electron spectroscopic analysis of the inter-
granular fracture surfaces of specimens broken in vacuum. The results
have been previously reported15 and reveaied no evidence of significant
segregation of a third species. An example _Auger,specfrum is.shcwn
in Fig. 2. A comparison of the Auger spectrum obtained after intergranu-
lar fracture witﬁ_the spectra obtained from fracture surfaces which pass
through the bulk of the alloy shows that there are no significant extra-
ﬁeous peéks in the grain bouhdary pattern. In particula:, no signifi-
cant metalloid peaks were found. The observation thét the ductile-brit-
tle transition temperature of the éiloy is relatively insensitive to
changes in aﬁsténitizing time and temperature and to changes in cooling
rate (from éevere quenching to air cooling) cénstituteS‘further evidence
tﬂat metalldid'impurity segregatién is not responsible for the inter-
granular embrittlement of the alloy.

A second poséible éource of intergranular embrittlement is the in-
trusion of second phases along the prior austenite grain boundaries.
There is, invfact, a logical sﬁspect phase in Fe-12Mn:; the hexagonal
g-martensite phase, While Fe-12Mn is predominantly BCC a'—martensite
in the as-cooled condition, it contains a significant admixture (approxi-

mately 15 volume %) of the hexagonal e-martensite phase. It seems clear



C
.
N
Lo
3“; 13
o
e
L W
B, -
&
&‘-q
L

that this hexagonal martensite phase participates in some way in the
preferénce for intergranular failﬁre, since intergranular -failure is not
normally observed in alloys of lower manganese content, for example, Fe-
8M'n14 in which no e—mértensite is present, Transmission electron micro-
scopié studies were therefore made in a search for e-martensite in the
prior austenite grain boundaries.

The microstructure of a region surrounding a triple point in the
prior austenite grain boundary structure is shown in Fig; 3. The major
phase present in the microétructureé is a'-martensite, which in the case
of Fe-12Mn has a somewhat blocky structuré. However, no signficant mi-
croscopic irregularities were observed at the intersections of the
blocky laths of martensite with grain boundaries near the triple point,
and no apparent second phase was found along the grain boundary. The
distribution of the e-martensite phase in the vicinity of the priq:aﬁs—
tenite grain boundaries was‘speéifically studied, The set of tiansmis~
sion electron micrographs presented in Fig. A'ﬁaps a region wherevcrys—
tallites of e-martensite meet the prior austenite grain boundary. Dark
field transmission'microscopic studies shaw no tendency for the epsilon
to form as a continuous film along the boundary.

While the results of the present investigation are not fully con-
clusive, and in particular the presence of an extremely fine grain
boundary film cannot entirely be ruléd out, the results do suggest that.
the tendency towar& inﬁergranul;r failure in Fe-lZMn is inherent. A
bias toward intgrgranular failure is, in fact, apparent from the sub-
structure of the alloy, illustrated in Figs. 3 and 4. The grain inte-~
riors consist. of somewhat irregulaf martensite blocks surrounded by

bands of epsilon phase, An irregular substructure of this type would



be expected to have a significant resistance to transgranular cleavage,
with the result that the fracture would tend to seek an easier propaga-
fion path along the prior austenite grain boundaries.

| b) The Choice of Boron

If the preference for intergranuiar fracture in Fe-12Mn is an in-
herent bias due to the relative difficulty of transg;anular cleavage,
as suggested by‘the results abové, then an appropriate approach to
toughen the alloy for cryogenic service would be to add a chemical spe-~
cies which segregatés to the prior austenite boundaries and increases
‘their relative.cohesion. Boron was selected for this purpose on two
‘grounds. First, the results of research on several ferritic alloysl7;-20
suggest that boron has a tendency to segregate to prior austenifé grain
boundaries, yet imprbves mechanical properties. Second, an indication
of a béneficial éffect due to the segregation of boron had been errati-
cally bbsefved in earlier research on Fe-12Mn. Although boron had not
been added intentionally to the alloys investigated in earlier phases
of the present work, a slight boron segregation was often found in Augef.
‘electron spectra from grain boundaries in these alloys, and appeared to
be particularly pronounced in those alloys having unﬁsually low traﬁsi—
tion températures.

c) Mechanical Properties of Boron-Modified Alloys

The tensile properties of the Fe-12Mn and Fe—lZMn—0.00Zﬁ alloys are
shown in Table 1. When the alloys were compared in the as-austenitized
condition, the addition of boron did not sensibly affect either the ten-
sile strength or the.ductility of the Fe-12Mn alloy. However, its in-
fluence on the ductile-to-brittle transition temperature was remarkable.

The results of Charpy impact tests on Fe-12Mn and on the boron~modified

alloys are shown in Fig. 5. The addition of 0.002% and 0.01% boron



o

1_7"" . B :,‘._‘ - { < " ‘ -
<o W D4 U S 505
g 2 &

suppresses the sharp ductiltho-brittle transition temperatpfe to below
-150°C, leading to high impact toughness at liquid nitrogen temperature
(—196°C) even in the as-austenitized condition. ‘Thé:uppef shelf iﬁpact
energy, above the transition temperature, was aléo raised substantially.
The source of the improvement in toughness is the sdppression of
the intergranular fracture mode; as illustrated in Fig. 6. This figure

presents a scanning electron fractograph of the fracture surface of a

'Charpy specimen of Fe-12Mn-0.002B broken at -196°C. Virtually no inter-

granular fracture was detected. The fracture mode apparent in thé scan-
ning fractogfaph.is transgranular, The fracture surface is rough and ir-
regulaf on a very fine scale, as was_expected as ; consequence of ;he ir-
regular, blocky substrutture of the alloy.

It should, however, be noted that, while slight additioné of boron
proved enormously beneficial to the cryogenic mechaﬁical propertieé of
the alloy, an excessive addition resulted in anvoverall reduction in
tdughness.'_Figure 5 also contains Chérpy impact data for an Fé—lZMn—O.lB
alloy. This alloy has an upper shelf energy almost SOZVbelow that of the
Fe-12Mn base alloy.

Autoradiographic treatments were used to monitor the segregation of
boron.to prior austenité grain boundaries. The alpha track images of
Fe-12Mn-B alloys containing 0, 0.002, 0.01, -and 0.05% ‘boron are
shown in Fig. 7. Although.a quantitative analysis was not attempted, the
variation in the amount of boron.can easily be seen. A clear network of
segregated boron is observed in the sample éohtaining 0,002%B. The size
of the network, approximately 100 microns, closely.reproduces the aver-
age size of the prior austenite grains in the sample. An apparent sa-

turation of the boundaries occurred at approximately 0.01% boron. For
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higher boron contents .the boundarj network is no longer distinguishable.
.At-0.0SZ boron some coarse ihclusioné; as well as stringers, wete found
along ‘the rolling texture in the alloys. .This saturation and consequeﬁt
preéipitation in the matrix is presumébly responsiblé for the decrease
in toughness in the 0.1B alloy, as shown in Fig. 5.

On the basis of these.investigations the Fe-12Mn-0.002B alloy was
selegted for further optimization studies. |

d) The Effect of Temperingvon Mechanical Propertiés

TQ explore‘the effect of sﬁbsequent tempering on the mechanical
'proéerties of the Fe-12Mn-0.002B alioy, a standard tempering treatment
consisting of a 6nethoﬁr holding followed by water quenching was used |
for a series of tempering tem@erétures. |

The impact-toughnesses of the'teﬁpered alloys at -196°C were mea-
sured and are plotted in Fig. 8. Both toughness enchancement and temper‘
embrittlement ﬁere observed as a conseqﬁence of the tempering treatmeﬁts.
Tempéring-at either 550°C or 650°C inéreased the impact toughness at
-196°C by 20-30% éver the toughness in the as—cboled condition. However,
témperiﬁg at either much higher or much lower temperatures led to a de-
terioration‘in téughness accompanied by the”re—emergence of the ipter-
granular fracture mode. A sample tempered at 450°C showed a faceted in-
tergranular fracture surface similar to that shown in Fig. 1. Heat
treatment at 750°C also resulted in an intergranulér fracture mode but
in this case with a slight fibrous appearance as shown in Fig. 9.

The results of mechanical property'tes;s on the Fe-12Mn-0.002B al-
loy tempered at 550°C and 650°C are presented in Fig. 10 and in Table 1.
Ploﬁé of the Charpy impact energy as a function of temperature (Fig. 10)

show that the upper shelf energy of‘thé alloy is lowered by the tempering
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treatment but that the toughness at liquid nitrogen temperature is in-
creased. The shape of the curve of toughness vs. temperature is also
changed. After tempering the impact toughness of the alloy decreases

gradually with decreasing temperature in contrast to the relatively

 sharp ductile-to-brittle transition encountered when the alloy is tested

- in the as-cooled condition.

ﬁespite theif éimilar toughnesses, the alloys tempered at 550°C and
650°C were significantly differentvin tﬁeir cryogenic tensile pfoperties..
As shown in Table 1, tempering at 550°C incxeased‘the yield strength of _
the alloy by approximately 20% over that in the as-cooled condition
while témpering at7650°C decreased it by nearly 25%. The yield
strength.was almost unchanged (decreased R 6%)‘on tempering at an inter-
media;e temperatufe of 600°C.: All tempering freatments led to an in-
crease in the ultimate tensile strength, with the;highest.incremeﬁt (9%)
obtained after tempering at 550°C.

- To facilitate the interpretation of the_mechanital property data;
'thg relative quantities of the phases présent ih the temperéd alloys
were detefmined by X-ray diffraction._ The samples examined were cut
from the undeformed portions of Charpy épecimens tested at —196°C, and
afe'hence representative of the phase distribution present after the.
samﬁle is cooled to liqﬁid nitrogen temperature, but before mechanical
deformation. Tﬁe resulfs are sﬁown in Fig, 11. Three phéses are Qb;
served to be present: normal cubic martensite (a'), hexagonal epsilon
martensite (e), and austenite (Y)f | . The maximum amount of re-
tained'austenite is present in the samplé tempered at 550°C. The epsi-
lon martensite contént reaches a maximum at a higher tempering tempera-

ture, near 650°C.
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Typical_microstruétures of the temperéd alloys are shown in Fig. 12.
An analysis of these and other ﬁicréstructures suggests the following
interpretation‘ofithe tempering behavior.- When the élloy is tempéredv
at températures of 500°C or higher; thé austenite phase nucleates and
grows along'the boundaries of the alpha martensite laths. - This austen-
ite appears tp,consume.the epéilon martensi;e which previously decora-
ted the lath boundaries. On tempering at 550°C thié reverted austenite
has sufficient thermalbstability to be retained in the micfostructuré
‘on'subseqﬁent cooling to liquid nitrogén temperéture. However, when
the tempering temperature is raised fo 600°C or higher, the reverted
austenite, which is now coarser and presumably leaner in solute content;
teﬁds:to feﬁransform'on cooling to generate an extensive amount of fresh
e-martensite. If:the tempering temperature is made higher still, the
retransforﬁation reaction.éontinues'further and a' martensite Becomes
the prédoﬁinant product. |

DISCUSSION
é) The Sourcesbof Intergranular Brittleness

Britﬁle'fracture due to crack propagation along prior austenite
grain boundaries is, of course, a faﬁiliar éhenomenon which has been
widely studied. The typically assumed sources of intergranular frac-
ture are the segregation of metalioid or other impurities to the pridr
austenite grain bouﬁdafies, for ex;mple S, P, As, Sb, or Sn21;22,vor
the formation of a delete:ioué grain boﬁndary phase, as, for example, .
by préferential carbide precipitation23’24. However, the available
evidence suggesﬁs that intergranuiérvbrittleness in Fe~12Mn does not

arise from either of these causes, but is rather due to an inherent

bias toward an intergranular fracture mode in the alloy. The source



of this bias seems clear in the light of results presented in the body
of this work: the rather irregular substructure of the polyphase mar-
tensite formed on cooling Fe-12Mn causes a high resistance to transgranu-
lar éleavage fracturezs, so that the intergranular fracture path is the
easier, and hgnce_the pfeferred, brittle failuré‘mode. This interpre-
tationvof the'intergranular failure also offers a strightforward ex-
planation férAthe difference between the spectacular intergranular
failure of Fe-12Mn and the équally pronounced transgranular cleavage
mode found in Fe-8Mn fested belﬁw its ductile-to-brittle transition
temperéture. The Fe-8Mn alloy forms a lath martensite structure on
cooling which resembles that.of typical Fe-Ni stéelé of intermediate
nickel content. As in the Fe-Ni steelszs, the lafhs of martensite
within the substructure are well éligned, and permit failure by coopera-
tive cleavage through packets of adjacent laths. - The intrusion qf'the
e-martensite phase in’Fe-12Mn leads go an éffective decomposition of
the martensite-Substrﬁcture, and to the creation of an irfegular sub-
structure in which the cooperative cleavage of adjacent elements is
'relativély difficult. As a consequence, the prior austenite grain
boundary becomes the preferred fracture path.

The mechanism is illust;ated by the Joffe diégram'shown in Fig. 13.
A simple but nonetheixm.useful modei of ductile—fo—brittle transition
behavior.is obtained if one assumes a yield strength which increases as
temperafure.decreases and two distinct brittle fracture stresses, one
for tranégranﬁlar cleévage (cfc)'and one for intergraﬁular failure (Ofgb)’
which are relatively insensitivé to temperaturg. The ductile-to-brittle
transition is then associated with a change in fracture mode from duc-

tile rupture to brittle fracture when the yield strength rises above
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the lower of the two critical fracture stresses. If we assume ofc< Gfgb
for the 8Mn .alloy, which is consistent with its observed fracture mode,
and further assume that the shift from 8Mn to 12Mn substantiallyrin—

creases O without sensibly changing ofgb’ then we obtain the relation-

fc
ships shown in Fig. 13. 1In this case the shift from 8Mn to 12Mn.wi11
cause a change-in the fracture mode from transgranuler cleavage to inter-
granular failure, but the change in fracture mode will be associated
with a decrease rather than an increase in the ductilefto—btittle trans-
ition temperature. This behavior‘is, in faet, observedz. The ductile-n
' brittle transition temperature of Fe-12Mn lies approximately 40°C'below
that ovae—SMm when both are tested in:the as-austenitized condition.
b) The Beneficial Segregation of Boron

In this, as in other studies, boron appears to be an exceptienal
and beneficial elenent in that it segregates to prior eustenitevgrain
boundaries and improves mechanical propertiesl7—20. It is tempting to
describe this effect by saying that boron imprones the cohesion.of the 1;
grain boundaries; however, the effect must be subtle. Elementary ther-
'modynamic326 shows that any element which preferentially segregates to
a grain boundary must lower the interfacial tension of the grain bound-
ary.‘ Deleterious grain boundary additives such as sulfur and pbosphorous
must hence cause a change in the grain boundary tension which is the
same  in sign as that ceused by borqn. Their very different influence
on intergtanular failure must be due to a difference in the balancing
of competing effects.

I1f we take the simplest possible Case; in which the alloy is as-

sumed elastic and the intergrannlar fracture perféctly brittle, then-

local crack propagation will be governed by the Griffith criterion27



The crack propagates when the»energy supplied by the release of stored
elastic energy exceeds the energy created by the introduction of fresh‘
surface. In tﬁe case of intetgranular fracture, the surface energy
created on.fragture is that associated with the creation of two free
‘surfaces and the destruction of an equivalent area of grain boundary
interfacé. Assuming éhemical equilibrium, the net change in surface
energy pet'unit.a;ea of fresh fracture surface is y* = Zys _.ng’ where
Ys and'yéb are.the’surface fensipns of the free surface and the grain
boundary interface respectively. A graiﬁ boundary surfactant will pro-
mote or retard intergranular fracture in this simple model depending on
whether it‘lowefs or raises the net cﬁangevy*. To be effective in sur-
pressing intergranular fracture‘a surféctant should heﬁce provide a decre-
ment in the gréin ﬁoundary tension which is greater than ;wice its corres-
ponding decrement in the tension of a free surface. |
Wﬁile we know of no directly.feleﬁant studies on the effect of boron

- . - L2
on surface tension in ferritic alloys, Mortimer ’

measured the equili-
brium surface ahd grain boundary tensions of 316 stainless steels with
different boron conteﬁts.' Although the measurements are relatively im-
precise and show a Significant scatter, an increase in the quantity ZYS -
ng is.in fact indicated by some of his measurements on speciﬁens with
boron additions.

It should, however, be.kept in mind that even when the fracture mode
is strikingly intergranular there remains a measureable plastic deforma-
tion prior to fracture, as indicéted by the tensile elongation values
given in Table 1 for the Fe-12Mn alloy. It is hence possible thét the
beneficial effect of boron is to be associated ﬁith a promotion éf plastic

deformation in the vicinity of the grain boundary rather than with its

effect on the grain boundary tension per se. Khachaturyan30 has, moreover,
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pointed out thet boron should be a:very important stress reliever in Fe-
base alloys because of its size difference with the»matrix irqn atom.
Boron may hence segregate so as to relievé stress concentratione at
points of high constraine along the grain boundaries whicﬁ would other-
wise be faQorable sites for the initiatioe of intergranﬁlar fracture.
¢) Temper Embrittlement
The data shown in Fig. 8 suggest that boron-modified Fe-12Mn elloys

are susceptible to temper embfittlement if the tempering temperature is
eithef too low, beiow & 500°C, or too high, above & 700°C. The avail-
able evidence sﬁggests that both these embriteling reactions are associ-
ated with tﬁe loss of boron from prior austenite boundaries, but for
rather-different_reasons. Autbradiogrephic studies show that on temperél
ing below 500°C the beron disappears from the prior austenife grain
boundaries, and appears to deposit on the martensite lath boundaries.
Fig. 14, for example,.shoﬁs an autorediograph taken from a eamplé temper-
ed at 450°C, The grain boundary network of boron is now absentv(compa:e
Fig. 7). However, a careful examination of the autoradiograph reveals a
finer network of boron traces whose morphology closely resembles the
substructure of the o' martensite. When the alloy is tempered at 750°C,
on the other hand, it has been heated to above the austenite finish tem-
perature (Af) of this a;loy, approximately 680°C; hence regeperating the
austenite phase. While 750°C is a sufficiently high temperature to re-
generate austenite; it does not appear to be high enough to permit the
resegregation of boron to the austenite boundaries in a one-hour temper. .
As a consequence, after quenching the alley contains prior’auetenite
boundaries which erevnot decorated by Eoron, and the intergranular frac-

ture mode is reestablished.
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d) The Beneficial Effect of Intercri;ical Heat Treatmenté

The Fe~12Mn alloy shows a favorable response to tempering in thev
intercritical region betwéen approximately 525°C and aéproximately 680°C.
An exaﬁination of the results, as shown for example in Fig. 10 and Table
1, sﬁggests that two'rathef different reactions are involved in this fa-
vorable heat treatment reéponse. When the alloy is given an intercriti-
cal temper at approximately 550°C, the predominant effect is the intro-
duction of a significant admixture of austenite phase., The impact
toughness at liquid nitrogen temperatﬁre is-improvéd with a simultaneous
:iﬁcrease in yield strength., When the alloy is heated near the upper end
af‘the intercritical range, near 650°C, the dominant change is the intro-
duction of hexagonal e-martemsite. The impact eﬁergy'in liquid nitrogen
vincreaseé also after this treatment, but a céncomitant and significant
decrease in thévalloy field stréngth is observed. The strength decrease
in the;alloy'appears to be due to a premature yiélding through the stress-
'indﬁced‘transformation of the epsilon phase. Since a decrease in the al-
loy yield strength is usﬁally accompanied by a decrease in the ductile-
to~brittle transition temperature, the improvement observed oﬁ tempering
at 650°C may be simply é consequence of the lower strength associated V
with the presence of the unstable epéilon phaée. On the other hand, the
~improvement in cryogenic iﬁpact properties obtained on tempering at 550°C
is associated with the introduction of austenite with an increase in
yield streng;h. The property improvement.is, in this case, most prob-
.ably associated witﬁ the removal of unstable e-marténsite coupled with
beneficial effects of austenite familiér from the metallurgy of Fe-Ni
cryogenic sFeelszs. These include the role of austenite in gettering
deleterious residual impurities, and its effect in refining the micro-

structure of the alloy.
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CONCLﬁSIONS

The principal conclusion from'the present work is that it is pos-
sible to modify ferritic nickel-free alloys of composition near Fe-12Mn
so that they have promising strength-toughness combinations at cryogenic ‘“
temperatures. A small addition of boron to the Fe-12Mn base metal is
sufficient for-this purpose and imparts a good combination of cryogetic
mechanical properties even in:the-as—austenitized cohdit?onf

Several subsidiary conclusions were also reached invthe course of
establishing this principai resplt:

.l. The'intergranular‘brittleness of Fe-12Mn alloys in the as-aus-
tenitized condition is not due to chemical or microstructural changes in
the prior austenite gtain bosndaries but is rather associated with a
change in the preferential fractute path to the'grein bqundary, presum-
able because the grain interiors are microstructurally refined;

2. The intergranular brittleness of Fe-=12Mn alloys can be prevented
v by the addition of 0,002-0.01% boron. Boron segregates'strongly to the:
prior austenite grain boundaries. Theisegregation apparently occurs
during austenization at temperatures near IOOOfC.

3: If the boronemodified.Fe-lZMnAalloy is tempered at temperatures
below appreximetely 500°C, the alloy is embrittled and the intergranulars
fractqre mode is reestablished. - The embrittlement is associated with a
loss of boron from the frior austenite grain boundaries and may involve
its segregation to martensite lath boundaries, ‘ v .

4.  An Fe-12Mn-0.002B alloy shows a beneficial response to tempering
in the range 525-680°C. The breadth of this beneficial tempering range
is apparently due to the oVerlap.of two rather-different mechanisms. On

tempering near 550°C an admixture of austenite is retained in the matrix,



and the toughness increases without loss in strength, as is observed
in fypical Fe-Ni cryogenic steels given similar intercritical tempering
treatmentﬁ. If the alloy is heat treated near 650°C, a large admixture
of the epsilon maftensite phase results.. The cryogenic tough;é;s is
improvedF but at considerable cost in the yield streﬁgth of the alloy.'
5. When an Fe-lZMn—O.bOZB allo& is heat treated at temperatures
above 680°C, néar 700°C, the alioy is again embrittled. The embrittle-
ment is, in this case, belie?ed to be due to the creation of fresh aus-

tenite grain boundaries at a temperature too low for the resegregation

of boron in a reasonable tempering time.
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TABLE 1. Mechanical Properties of Fe-12Mn Alloys.

232

m . Test w ut “ Uniform Total Red. in

ﬂ oosvomwnwos and Treatment Temp. (°C) Azwmv ! Axmm | Elong. (%) Elong. (%) Area (%)
| Fe-12Mn-0.2Ti (From Ref. 6) 25 600 | 924 6 25 78
| As Austenitized (900°C/2 :am\ZOV ~196 | 889 | 1351 11 25 54
" Fe-12Mn-0.1Ti-0.05A1-0.002B 25 | 633 | 981 7 26 77
. As Austenitized (1000°C/40 min./AC)  -196 854 | 1414 12 26 66
550°C/1 hr/wQ - | 25 | 733 1043 12 31 79
-196 | 1036 1539 19 34 65
600°C/1 hr/WQ | | 25 600 | 1036 13 28 78
~196 807 | 1493 . - 19 30 62
' 650°C/1 hr/WQ | 25 1 374 1059 i 29 79
_ ~-196 649 . 1488 16 27 63
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FIGURE CAPTIONS

Fe—iZMn, as-austenitized (100050/40 min./air cooled): Scanning
electron fractographs of the suréace of a,Chérpy specimén'broken
at -196°C.

Fe-12Mn, as—austénitized (1100°C/27hrs/water Quenched): Auger
electron spectrum frbm a surface created throﬁgh intergranulér
fractﬁre in vacuum at -145°C, showing grain boundary compo;ition.

Fe-12Mn, aSsaustenitized'(1000°C/40 min./air cooled): Transmis-

sion electron micrograph showing the microstructure of a region

surrounding a triple point in the prior austenite grain boundary network.

Fe<~12Mn, as—-austenitized (1000°C/40 min/air cooled): Transmié—
sion electron miétographsiqf a region where the épsilon (e) mar-
tensite meets‘the prior austenite grain boundaries. (a) Bright
field (b) Dark field image of €.

Fe—lZMn-B alloys, asfaugtenitized (1000°C/40 min./air cooled):

Charn, V-noutch impact energy as a function of temperature.

‘Fe=12Mn-01Ti-0.05A1-0.002B, as-austenitized (1000°C/40 min./air

cooled); Scanning electron fractograph of a Charpy specimen

:broken at -196°C.

Fe-12Mn-B alloys, as;ausfenitized (1000°C/40 min./air cooled):
Boron autotadiographs (a)'O% B (b) 0.002% B (c) 0.01% B

(d) 0.05% B (e) 0.1% B.

Fe;12Mn—0.1Ti—0.0SAl—0.00ZB, tempered for one hour and water
quenched: Charpy impaét toughness (CVN) at -196°C as a function
of tempering temperafure,

Fe~-12Mn-0.1Ti~-0.05A1-0.002B, tempered for one hour ét 750°C and
water quenched: Scanning electron fractograph of a Charpy

specimen broken at -196°C.



Fig. 10. Fe-12Mn-0.1Ti-0,05A1-0.0028. Charpy V-notched impact toughness
(CVN) as a function of temberature for diffefent heat treatments.

Fig. 11. TFe~12Mn-0.1Ti-0.05A1-0.002B, tempered for one hour, water quenched,
and cooled to -196°C: Volume percent of y and ¢ phases as a
fuﬁction of tempering temperatures.

- Fig. 12. Fe-12Mn-0.1Ti-0.05A1-0.0028B, tempered for one hour and water
quenched: Microstructures of the heat treated specimens. (a)
550°C/1 hr, (b)'650;C/l hr. TEM. |

Fig. 13. Hypothetiéal Joffee diagram relatipg the yield stress (6y), the
fracturé stress for transgranular cleavage (Ofc) and the frac-
ture stress for intergranular crackings (Gfgb) of Fe-12Mn and
Fe-8Mn alloys with respect to temperatﬁre.

Fig. 14; Fe-12Mn-0.1Ti-0,05A1-0.002B, retempered at 450°C for one hour,
water quenched: Autoradiograph showiné the disappearance of
boron from grain boundaries. A fine network of boron traces

.is, however, visible, suggestiﬁg that boron re-deposits on

martensite lath boundaries.
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Figure 4
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Figure 5 XBB791-0404
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