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THE CRYOGENIC MECHANICAL PROPERTIES AND THE INTERGRANULAR BRITTLENESS
IN Fe-12%Mn-(0.2%T1) FERRITIC ALLOY SYSTEM

S. K. Hwang
Department of Materials Science énd Mineral Engineering and,

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

ABSTRACT

‘An investigation’foward a nickel-free ferritic crydgenic.Fe—IZ%Mn-
(0.2%T14) a]]oy.steel was made, and the metallurgical prbcessing techniques
Which jmprovevthe~cryogenic mechanical pfopertjes are summarized.

Retéined austenite produced by a heat treatment within.the two-phase

(a +vy) region was found id be effective in suppressing cryogenic
brittleness. The inherent intergranulér weakness of this alloy was

also studied by émploying Auger electron spectroscopy and other techniques.
The céuse of the intergranular bfittleneés is discussed and a method

- for its prevention is suggested.



INTRODUCTION

v.The demand for storage and transpoftation materié]s for -liquified
naturai gas is rapidly increasing. The materials for this abp1icatioh
must have a suitable comb%nation of strength and toughness at subzero
-temperatures A commercial 9Ni steel meets the requirements satiSfactori]y.
However, the cost of N1 is high, which stimulates researches on lower
n1cke1( )or even nickel- free(3)cryogen1Cva11oys ’

Among the 1ron -base altoys. the Fe-lin system is a ptoential
candidate for the nickel-free cryogen1c stee1 The chpos1t1on range
of specific interest is 8%12%.' The Tow temperature4transformation_
product in this range is mainly a' (bcc) martensite; which ensures an
- adequate Cryogénic strength. Pafticular]y an Fe-12Mn aT]qy has a promising
combination of strehgth and toughness. Alloys with higher Mn cbncentration
(>15%Hn) have either sfabi]ized vy (fcc) or e (hep) or mixed y:+ € structures.
They retéin re1afive1y high toughnéss_but have Tow strength at cryogenic
temperatures. o | |

Holden et al. (4) ahd Roberts (5) surveyed the transformation behavior
of Fe-240%Mn and Fe-0u9%Mn alloys respectively, whi]e others (6,7) stUAied
their ducti]e-to-bfitt]e transition behavior. Hwang and Morr1s (8)
identified therma1/mechan1ca1 processing techn1ques to 1mprove thevcryogen1c
mechanical propert1es of Fe-8%Mn and Fe-12%Mn alloys.

The search towarda simpler,economical method to improve the mechanical
properties is currently underway at the Lawrence Befke1ey Laboratory (LBL).
This. search is proceed1ng through the 1nvest1gat1on of fundamental aspects
of fracture character1st1cs at low temperature. Intergranular fracture in
Fe-12%Mn is an example. | The present paper aims at: (1) summarizing

the effect of process1ng techn1ques deve]oped at LBL (2) analyzing the

*Weight percent unless otherwise specified."



_1nter9ranu1ar fracture in an Fe 12%n alloy and suggest1ng a way for its

prevent1on
EXPERIMENTAL PROCEDURE

10 kg 1ngots of Fe-12%Mn-0.2%Ti a]]oys were vacuum induction me]ted;.
The cast 1ngots were homogen1zed at 1200°C for 24 hours under argon
'atmosphere Then they were. forged 1nto 1.3 cm and 2 6 cm th1ck p]ates
from which specimens were made Chemical ana]ys1s of a test
spec1men showed 11 9%Mn, 0. 167T1, 0.001%C, 0.028%0, 0.007%S and 0.007%P.

ASTM fu11 -size V-notched spec1mens were used for Charpy impact tests.
The spec1mens for tens11e,tests were subsized and cylindrical with 1.3 cm
gage 1ength and 0.7 cm gage diameter. Pfane-strain‘fracture toughness (KIé)
values were obtained from compéct tenSion specimensuwith 2.5cm thickness.

" The microstructures were examined by optical and transmissioh<‘ |
electron microscopy (TEM). The volume percent of different phases was
determined by x—ray‘diffréction, Thé fracture surfaces were
examined under the,scannfng electron micros;ope (SEM). The-composition
of - the fracturelsurfaces was analyzed by scannihg Auger e]ectron
spectroscopy (AES){ To obtain a fresh surface the specimens were
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fractured inside a vacuum chamber maintained at’]Of n 1077 torr pressure.

EXPERIMENTAL RESULTS ANDYDISCUSSIQN

1. Propekties of as-austenized Fe-12%Mn-0.2%Ti a]]oy
(4

According to Holden et al. )the transformation products of as-cooled
Tow Carbon Fe-Mn alloys are as follows: |
(i) 0v2%Mn: equiaxed or massive ferrites

(i1) 276%Mn: upper bainite
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FIG. 1

- Table 1

(iii) 6~10%Mn: Tath martensite (a', bcc Structure)
(iv)  10~15%Mn: o' + epsilon (e, hcp) |
(v) . 15728WMn: € + austenite (y, fcc)

(vi) 28-37%Mn: .

- In the present study the austenitizing treatment was done at 900°C

for 2 hours followed by water quenching. -The microstructures of the

as-austenitized Fe-129Mn-0.2%Ti are shown in Fig. 1. The o' martensite

\1aths are hignhly dislocated. The individual lathes within a

packet is divided into blocks. Thé']ath boundaries were often covered

~with thin € platelets as shown in_Fig.'1(b), which-is a dark field TEM

micrograph. The volume percent of the ¢ martensite measured by
X-ray difffaction‘Was_approximately 15% at -196°C.

The mechanical properties of Fe—12%Mn-O.2%Ti alloy are given in '
Table I. The alloy has high yield and ultimate tensile stresses at -196°C.
However, as shown in Fig. 2, the as-éustenitized specimen undergoes
a sharp ducti1e-t§—br1ttle transition under impact condition at
approximately -50°C. The initial properties, espécia]]y the ﬁmpact
toughness can be improved by the therma1/methanical treaﬁments described

below.

2. Effect of thermal/mechanical treatments on the cryogenic mechanica]
properties.

‘The impact toughness of a‘~marten$itic Fe-Ni steels is improved

by a heat treatment within the o + y range of the equilibrium phase

(9-10)

diagram. When heated the metastable «' martensite decomposes to yield

equiTibrium v.and . The reverted v phase is enriched with alloying elements

thus becoming stabilized. This v phase may be found untransformed



FIG. 2

FIG. 3

at subzero temperature, and is called "retained y". Several researchers(g-lz)

haVe attributed the improvement of impact toughness in the Fe-Ni a]]oys

"~ to the retained vy.

" Like Fe-Ni, the Fe-Mn system has an o + y which extends to room

. temperature. Therefore, the o' + a + y transformation also occurs in Fe-12Mn.

However, the e martensite in this_a]]oy complicates thetreaction. On
heating a diffusioniess transformation (e > y) occurs over the range'

of temperatures 240%350°C. The.y phase formed in this manner will affect
the d1ffus1ona1 a' > o+ Y at higher temperature -

The corre]at1on between reta1ned y and 1mpact toughness was

"observed in the tempered Fe- 127Mn 0.2%Ti alloy. A s1mu1taneous increase

in the amount of retained y and 1n the Charpy 1mpact energy was found

'after heating at 500°C (9) Var1ous cryogen1c mechanical properties were

measured on the a]]oy heat treated for 8 hours at 500°C. The results
are presented in Tab1e I and in Fig. 2. " The y1e]d strength at -196°CA
was slightly 1ncreased by the temper1ng treatment. '_Concurrently, a
significant reduction of the duct11e—to—br1tt]e transition temperature
occurred;'

The microstructure of a tempered (500°C/120 hrs) specimen is shown

in Fig. 3. The'apparent extreme directionality of the microstructure

is a consequence of an elongated growth of y a1ong_a' lath boundaries.

This was presumably caused by the diffusionless transformation € >~ y |

~ during heating. The reverted y,‘decorating lath boundaries at the previous €

sites, serves as preferential growth sites for new y in the subsequent
o' » o + vy reaction. Therfore, a more uniform distribution of phases can

be obtained by destroying the €. The elimination of € can be achieved by

cold work1ng, which 1nduces an €~ a' transformat1on by stra1n( 7) Also, the

_d1s]ocat1ons created by co]d work1ng may act as heterogeneous nucleat1on sites.
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Tne microstructure obtained after a 50% reduction at room temperature
FIG. 4 ‘v followed by annealing at 500°C for 8 hrs is shown in Fig. 4. The |
uniformity and the fineness of the phases are evident.

“The cryogenic strength and toughness of an Fe-1 %Mn-0.2%Ti alloy were
signifioantly enhanced by the cold working and two phase annealing
treatment. The properties are shown indTab1e I and Fig; 2. The
Aincreases in the‘yield strength and the impact shelf energy are particularly
noticeable. By varying the annealing temperature it was possible to observe
the correlationship between the cryogenic impact energy and the retained vy .

A remarkably good correspondenoe was found between the two, as shown in

FIG. 5 Fig. 5. -

3. Intergranular fracture in Fe-12%Mn alloy

“The potential of an Fe-12%Mn alloy system as a nidke]-free cryogenic
a]]oy was demonstrated by the medhanica] properties obtained after thermo-
mechanﬁca] processing. However; the mechanica1/therma1 treatment may add to-thé
cost ofdpractica] production. .A more economical processing was sought
through investigating the fundamental aspects of the frocture béhavfor '

of this alloy. The preliminary results of this fnvestigation are described

below.
a. Fracture modes
Though both have*princfpa])y an a' martensitic sfructure, Fe-8%Mn and

Fe -12%Mn alloys have quité different fracture modes bé]ow their ductile-
FIG. 6 to- brittle transition temperature. Examples are shown in Fig. 6. The

Fe58%Mn alloy shows transgranuiar cleavage with occasional secondary

oracks along martensite packet boundaries. In_oontrast, the Fe-12%Mn

fails along prior y boundaries. The addition of titanium (0.2%) does.nOt.

affect the fracture mode itself. Above the tronsition temperature both



alloys show ductile void type fracture surface.

' Intergranular fracture of the 12Mn steé1 was observed in specimens
as auenched after austenitizing treatment. The fracture was removéb]e _
by the mechanical/thermal treatments but could not be eliminated by tempering
treatments alone. On the other hand the tendency twoard 1ntergranu1ar.fracture
could be aggravated by a heat treatment at 350°C. After holding for 2 hours
at this temperature the transition temperature in Charpy tests was increased by 130°
b. Grain boundary composition

Intergranular fracture.in commercia]'af]oy steels ié often

attributed to impurity segregation.(]3’]4)

The segregation is believed
to occur within several atomic layers. A powerful technique to detect
the thin layer segregation is Auger electron spectroscopy (AES).
Secondary electrons produced by Auger_process have a very short escape
depth. Therefore, the AES is widely acknowledged as a highly surface
sensitive probing technique.(]s)

The details of the application of the AES technique are described

, elsewhereﬂ16) It is essential to produce the desired fracture surface in

9. 10°10

a ultra high vacuum (10° 10

torr) chamber in which SEM and AES
analyzing devices are incorporated. The analyses are carried out on thé
fresh surface which had not been éxposed to air. The spatial resolution
depends on the filament and analyzer design. In the present investigation
the maximum resoiutioh was 15um* diameter.

Auger electron spectra obtained from the grain boundaries of as-

FIG. 7 quenched and embrittled specimens are shown in Fig.7(a) and (b)

fespective1y. The as-quenched prior austenite grain boundaries had

*A submicron resolution is now commercially available.



- FIG. 8

at avtémperature where the Tower of ¢

essentially the same composition as the bulk. The embrittled (350°C/2 hrs)
grain boundaries'showed a_high Mn cOncentrétion, approximately 24%. The
effect.of the Mn enrichment on the shift of the tfansitjon temperature
aWéits furthervinvestigatiOn. HoWevér,}it is C]eaf'that intergranular

fracture in the as-quenched 12Mn alloy steel does not require impurity

~or alloying element segregation.

The pqssibility of the microstructural change on the prior y grain
boundaries was also examined by TEM. Neither precinitation
nor a preferential distribution of a particular phase, e.g., €, was

observed along the_grain boundaries. Therefore, any hypothesis based on

- compositional or microstruc¢tural change on the prior y boundaries fails to

. explain the intergranu1ar fracture behavior of Fe-12%Mn alloys in the

as-quenched condition.
c. Hypothesis and preventive mechanism
On the basis of the previous experimental results, the following

hypothesis may be suggested. The fracture stress of the prior vy

'boundaries, OreR’ is approximafe1y thé same for Fe-8%Mn and Fe-12%Mn

alloys. However, the<fractufe stress for the transaranular crackings,
OFC* is higher‘in Fe-12%Mn. This-is bécause of the e phase decorating the
lath boundaries inside prior yvgrains, as shown ih Fig. 1. Being a soft
phase, € blunts énd deviates the sharp front of’the propagating érack,

A schematic diagram can be constructed along lines suggésted long ago

- by Davidenkc shown in Fig. 8, The ductile-to-brittle transition occurs

FGB and Okc intersects with the

natrix yield st ' , 0. Therefore, (T.) > (T , where T_ is
matrix yi stress, o, re, ( C)SMn ( C)ZMn c

the’transition-temperature. Also, below T the fracture mode is

transgranular cleavage for Fe-8%Mn and intergranular for Fe-12%Mn alloys.



Tﬁese are cdnsistent With the experimental observation. |

If the'ébove hypothesis'holds'then a preventive method for the inter-
granular cracking in 12Mn a]]oy'hay be»&ésigned. AAccordingAto
Griffith's fracture theory, S

o 2By
O = '
F e R

- where E is.YQUng's modulus, ¢ isthe]ehgth of - edge crack énd Yi is the
- surface enérgy_created-by fracture. In the intergkanu]ar fracture case,

"UF = OFGB and YI'= 2Ys - YB, where Y is the energy of new surfaceS

and.yb is thé gfain boundary energy. Therefore, to increase Opgg 2N

- element can be added which decreases Y sigﬁificant1y while not décreasing
ysvtoo:much; Such an element shqu]d segregate to the gréin boundaries, but
' Wi]]'not cause embrittlement. The information on the effects of the |
a1loying elements on the.grain boundary_broperties of sbme_intermediate

carbon steels (17) and super a]]bys (18)

may be helpful. However, there
- is'a.cbnsiderable lack of information on various elements" relative effects
on yg and Yb" Therefore, the success of this effort wf]]’depend heavily
on empirical study backed up by sophistiéated analyzing instrumentation.
SUMMARY

The following summarizes the present investigation for a‘deve]opment
of a nickel-free ferritic Fe-12%Mn steeTQ
(1) A two phase'(q +IY) heat treatment is beneficial for the impact
toughness. |
(2) A co]d—working process followed by two phase annealing enhances
'cryOQenic strength and tohghness significantly. This result is
.éttribufed to the increasedvam0unt of rétained Y and the fineness of the

structure.



(3) Theintergranu1arfracture in the és-quenched condition is not a
consequence of tHe reduced grain boundary fracture stress, oFGB,'due'to
avchemica] or microstructural change on the prior Y bouhdaries_during'-
austehitizjng;‘ The fkécture stress for the transgranular craékings, Opcs
is rathérvinckeased due tb the dispersioh'of thé e-phase.' |

(4) A better alloy composition may be obtained by adding an element
which.can”redhce the grain boundary energy, Yb, wﬁi]e moderateTy

* maintaining the surface energy, Yg-
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TABLE 1. MECHANICAL PROPERTIES OF Fe-Mn ALLOYS

Composition Treatment Test o o] Uniform Total Red. in KIC
' - ‘ Y 2 uts, v - 1C3/0
Temp.(°C) (MNm ) (MNm “) Elong.(%) Elong.(%) Area(%) (MNm ~/7

Fe-12Mn-0.2Ti | As-Quenched 25 600 924 6 25 78 -

" " -196 889 1351 11 25 54 63

" 500°C/8 hrs -196 952 1358 18 33 62. 70

! 50% reduction ‘
+600°C/4 hrs -196 1179 1503 26 38 66 100

€l
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FIG. 4.
FIG.

FIG.
 FIG.

~ FIG.

’ two-phase annealed (600°C/4.hrs) speg1men.(

annealed at various temperatures for 4 hours.

14
FIGURE CAPTIONS

Fe—127Mn-0 2%Ti. As—quenehed from austenitizing (900°C/2 hrs).

TEM micrographs; (a) Br1ght field (BF) (b) Dark field (DF)
of € phase |

‘Fe-12%Mn- 0'27Ti Duc£i1e»to‘britt1e transition behavior of

d1fferent1y processed specimens in Charpy 1mpact tests(]%

Fe-12%Mn-0.2%Ti. Two-phase tempered structure (500°C.120 hrs).
TEM m1crographs, (a) BF (b) DF of retained v.
Fe-12%Mn-0.2%Ti. A TEM m1crograph of a cold-worked (50%) and

9 Retained y shows

- dark contrast.

Fe-12%Mn-0.2%Ti . Charpy V-notched impact energy at -196°C (CVN)
and the phase const1tuents of specimens cold-worked (SOA) and
(19)
SEM'fractographs of Charpy:specimens broken at -196°C.

(a) Fe-12%Mn-o,é%Ti (b) Fe-8%n. Al as-austenitized.

Auger electron sbectre of Fe-12%Mn specimens. (a) As-ahstenitized..
(b) Embrittled. Note highef concentration of Mn in (b).

A schematicldiagram describing dffferent fracfure modes and

transition temperatures in Fe-12%Mn and Fe-8%Mn alloys.
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