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THE l}WROVEMEKT OF CRYOGENIC MECHANICAL PROPERTIES 

OF Fe-12Mn A~D Fe-8~m ALLOY STEELS THROUGR THERMAL/~W.CHANICAL TREATMENTS 

S.K. Hwang and J.W. Morris, Jr. 

Department of Materials Science and Mineral Engineering and t-laterials and 
Molecular Research Division, Lawrence Berkeley Laboratory, University of 
California, Berkeley, CA 94720. 

ABSTRACT 

An investigation has been made to ioprove the low temperature mechanical 

properties of Fe-8Nn and Fe-12Mn - 0.2 Ti alloy steels. A reversion annealing 

heat treatment in two phase (a + y) region along with cold working has been 

identified as an effective treatment. In an Fe-12Mn-0.2Ti alloy a promising 

·Combination of low temperature (-196°C) fracture toughness and yield strength 

was obtained by this method. These improvements of·properties were mainly 

attributed to the ultra-fine grain size and to a urtiforn distribution of 

retained austenite (y). It was also sh0"-"11 that an Fe-8~~n steel could be 

grain-refined by a purely thermal treatment because of its dislocated a' 

martensitic structure and absence of £ martensite. As a result, a significant 

reduction of ductile to brittle transition temperature was obtained in this 

alloy. 
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I. INTRODUCTION 

Recent advances in cryogenic technologies have stinulated the production 

of specialty steels in large quantities. This creates a proble~ of cons~ing 

costly nickel, one of the major additions to the cryogenic iron alloys. 

The problem oay be solved either by minimizing the nickel content in the 

commercial Fe-Ni steels or by developing a Ni-free cryogenic steel. In 

both approaches a coomon obstacle to overcome is to prevent the brittleness 

arising from the reduction of Ni whicr is believed to impart inherent toughness 

to Fe.(l-2) 

A prooising system for the develop~ent of a Ni-free cryogenic steel is 

Fe-Mn. Except for the formation of hcp £ martensite ~m affects the trans-

formation behavior of the Fe lattice in much the sa~e ~ay that.Ni does. 

Therefore, theoretically, the processing techniques utilizing the phase trans-

formation of e.g., an a' martensitic Fe-Ni steel, should also be applicable 

to an Fe-Mn alloy of essentially the same structure. 

Two ~etallurgical processing techniques have been identified so far to 

enhance the cryogenic toughness of ferritic Fe-Ni steels; grain size reduc

tion and introduction of retained y. It was found by P~rschall et al.()) 

that a heat treat~ent within two phase (a + y) region lo.•as effective in achieving 

fine grain size and retained y in a bee 9Ni steel. The development of 6Ni 

steel by Nagashi~a and co-workers< 4-S) was possible through modifying the 

alloy chemistry and heat treatment to give uniform and stable distribution of 

retained y phase. Apart fron tre connercial alloys, it was shown by Jin et a1.<6> 

that an alternate heat treatment in y region and a +y region yielded an ex

tremely fine grain size in Fe-12Ni-0.25 Ti alloy. Later, Hwang(7) confirmed 

the beneficial effect of retained y on the cryogenic itlpact toughness in this 

grain-refined alloy. However, the corresponding KIC values did not show much 



-2-

inprovement over 100% bee matrix, which was attrihuted to the low stability 

of the retained Y in this case. 

The infon:tation on processing techniques to il!lprove the quality of Fe-l.fn 

alloys is scanty. Bolton et al.(S) studied the tempering effect on binary 

Fe-Mn alloys with varying Mn content froc 4% to 10%*. While the tenpering 

treatment was shown to be beneficial for low tenperature toughness no re

tained phase (y or E) was observed in their work. Roberts( 9 ) showed that 

the mechanical properties of Fe-Mn alloys containing up to 9% ~fu were strongly 

influenced by the grain size and the substructure of transformation product. 

Schanfein( 10) attempted to reduce the grain size of an Fe-8Nn alloy but was 

able to obtain only a minor suppression of ductile to brittle transition 

temperature. 

The present investigation was ained at obtaining better cryogenic mechanical 

properties in Fe-Nn alloys by applying the techniques successfully developed 

in Fe-l·a alloys. Fe-12Hn and Fe-8Hn \>.'ere chosen for the base conpositions 

since the former showed the lowest ductile-brittle transition tenperature at 

a high nartensitic strength(lO) while the latter was nost similar in micro

structural features to those of a' martensitic Fe-Ni alloys. 

In an Fe-12l1n-1.2 Ti alloy the !~proved cryogenic nechanical properties 

were obtained chiefly through grain size reduction and introduction of retained 

y by heat treating the alloy within two phase (a + Y) region. The amount and 

the morphology of the retained y were controlled by adding a cold working 

process prior to the two phase heat treatment. As a result an excellent 

combination of strength and toughness was obtained in this alloy. In an 

Fe-8Mn alloy the thermal cycling technique was found to be very effective 

in reducing grain size. Consequently the initial brittleness of this alloy 

was significantly suppressed. 

* All in weight percent unless specified otherwise. 

. . 
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II. EXPERIMENTAL PROCF.DURE 

Ingots of Fe-8Mn and Fe-12Nn alloys ,.'ith minor additions of Ti were 

induction melted in an argon gas atmosphere and cast into copper chill ~old. 

The chemical compositions of the alloys are shown in Table I. Ti content 

in the 8Mn alloy turned out to be considerably less than that of 12Nn alloy 

presumably due to loss during melting process. 

The cast ingots (approximately 9 kg each) were vacuun homogenized at 

1200°C for 24 hours. These were then upset cross-forged at 1100°C and finish 

rolled into plastes of 2.5 em thickness. A plate of 5 em thickness was 

also made to obtain K1c specimens after cold working. The plates were cut 

into blanks and subject to austenitizing treatment which consisted of 2 hours 

soaking at 900°C followed by ice brine quenching. The austenitized blanks 

underwent either heat treatment alone or cold working and heat treatment. 

The cold working was carried out at roon temperature by rolling the b'lanks 

along the original rolling direction of plate. The thickness reduction in 

this process was 50%. 

Specimens for mechanical testing ~ere cut and machined from the heat 

treated blanks. For tensile testing sub-sized cylindrical specimens of 12.7 mm 

gage length and 3 mm gage diameter were used. The loading direction in the 

tensile test was parallel to the rolling direction of plate. A strain rate 

of 0.04/min. was employed. The uniform elongation was deternined from the 

engineering stress-strain curves by measuring the strain follo~ing yielding 

until the stress reached the ultimate tensile strength. AST't-1 standard spec!-

mens were used for Charpy (V-notched) and KIC {compact tension) tests. Charpy 

specimens were cut lengthwise along the rolling direction and the notches were 

machined on rolled-surface of plate. The loading direction in KIC test 

was parallel to the rolling direction. The ductile to brittle transition 
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te~perature in Charpy tests was deter~ined as the temperature at which the 

impact energy value becomes equivalent to a half of the difference between 

upper and lower shelf energy. llhen specimens shot.;ed no sharp transition 

only their fracture codes at -196°C were examined under scanninr, electron 

microscope. 

The phase transformation temperatures on continuous heating and cooling 

were ~easured by dilatonetry using a heating rate of 440°C/min. and a cooling 

rate of approximately 70°C/sec. The results are shown in Table II. A typical 

dilation curve for an Fe-12Mn specimen is shown in Fig. 1. 

The phase analysis was carried out using X-ray diffraction technique 

with Cu-K0 radiation. The volume percent of each phase present was calculated 

by comparing integrated intensities of (200) 0 , (200)y and (lOll)£ peaks. 

However the results obtained by this nethod may be semiquantitative particularly 

in the presence of texture. In present work all the analyses were done on 

the transverse sections perpendicular to rolling direction. ~~en compared 

to a magnetic saturation measurement(ll) this method overestimated the amount 

of retained Y by approximately 8 vol. % in one sample (cold worked +600°c/4 hrs). 

Microscopies (optical, SEH and TEN) were conducted by conventional labora

tory techniques. The etchant used for the optical microscopy was picral 

and the jet-polishing solution for the TEM was chromic-acetic solution 

(75 g Cro3 + 400 ol CR3CoOH + 21 rnl H20). 



III. EXPERI~mNTAL RESULTS 

Various heat treatments used in this work are suornarized as follows. 

Austenitizing; 900°C/2 hrs, standard treatment for all specimens. 

Reversion annealing; for 12Mn alloy, heat treatment below Ar , (a' + y 
transformation finish temperature on h~ating). 

Cold work and reversion annealing; for 12Mn alloy, 50% thickness reduction by 
cold rolling followed by the reversion annealing. 

y-cycling; for 12Mn alloy, heat cycling bet-v;een y region (680°C/5 min.) and 
ambient temperature. 

Y, a+ Y cycling; for 8Mn alloy, alternate heat treatment between y region 
(750°C/2hrs) and a + y region (650°C/2 hrs) with inter
mittent quencing to anbient temperature. 

A. As-Quenched Structure. 

A prior austentite grain size of approximately 70 Pm was obtained in both 

Fe-12Mn-0.2Ti and Fe-8Mn alloys by austenitizing treatment followed by quenching. 

\-lhile no other than bee phase was detected in the 8Mn alloy by X-ray diffraction 

measurement approximately 15 vol. % of hcp £ t!lartensite was identified in the 

12Mn alloy. The substructures of the two alloys are shown in Fig. 2. The 

martensite morphology of the 8~m alloy was typical lath structure with high 

dislocation density. On the other hand the 12Mn alloy showed two different mor-

phologies of martensite as denoted "A" and "B" in Fig. 2(b). The£ martensite 

was often observed along the boundaries of the block-like region "A". An 

example of a TEM dark-field contract of £ martensite is shown in Fig. 3 with 

diffraction pattern analysis. 

The mechanical properties of the as-quencred alloys are shown in Table III. 

While the yield strength of the 8Mn alloy at -196°C was slightly higher than 

that of 12Mn alloy the latter showed significantly larger work hardening than 

the former. The Fe-12Mn alloy also showed better tensile ductility. The 

ductile to brittle transition in Charpy tests occurred sharply at 30°C and 
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-50°C in the 8Mn and the 12Hn alloy respectively. There was a clear dif-

ference in the lOT .. T-encrgy fracture nodes of the two alloys. As shown in 

Fig. 4 the brittle fracture occurred intergranularly along prior y grain 

boundaries in the 12Mn alloy whereas a transgranular quasi cleavage mode 

was predoninant in the 8Mn alloy. A~ove the transition temperature both 

alloys showed a ductile void growth and coalescence type fracture mode. 

B. Fe-12Hn-O .2Ti. Effect of Reversion Annealing Treatment. 

~ben a quenched nartensitic Fe-Ki alloy is reheated and held at a ten-

perature below Asa (a' + y transfornation start temperature) ·a' + a + y 

transformation occurs by equilibriUM decomposition. The reverted y may become 

stabilized by solute enrichment and grain size effect. The untransformed y 

during subsequent cooling is referred to "retained y". Improved cryogenic 

(3-5) toughness has been oberved in several Fe-Ni alloys heat treated in this 

way so as to retain sooe y phase in bee matrix. Therefore the effect of 

this treatment was investigated first in an Fe-12Mn-0.2Ti alloy. 

As-quenched specimens were heated to various tenperatures and held for 

4 hours and then quenched. The amount of phases present in the cooled speci-

mens was measured and plotted in Fig. 5 with corresponding Charpy impact 

energy at -196°C. A significant variation of the amount of t martensite 

and retained y was observed in the specimens heat treated above 500°C. The 

maximum amount of £ martensite and retained y was observed after 600°C and 

500 550°C treatment respectively. The maximum Charpy·impact energy was obtained 

after 500°C treatment although data scatter was rather significant. An evident 

correlation between the Charpy iopact energy at -196°c and the amount of 

constitutent phases was observed in the specimens isothermally heat treated 

at S00°C. As shown in Fig. 6 the impact absorption energy increased with 

holding time at 500°C; so did the amount of retained y in the specimen. 

On the other hand the increase of the vol. % of £ martensite was negligible 
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especially in the initial period, QP to 4 hours. 

Other mechanical properties were evaluated for the specimens reversion 

annealed for 8 hours at 500°C and the results are sho~~ in Table III. A 

slight increase of yield strength over the as-quenched condition was observed. 

Rather substantial improve~ents of tensile ductility and fracture toughness 

(K1c> were also observed. As shown in Fig. 7 the reversion annealed specimen 

showed improved ductile to brittle transition behavior in Charpy test: The 

fraction of intergranular fracture oode in a specimen broken at -196°C was 

approxinately 50%. 

The microstructures of a reversion annealed (500°C/8 hrs) 12Mn alloy are 

shown in Fig. 8(a) and (b). The optical micrograph, Fig. 8(a), is characterized 

by straightly aligned parallel interlath boundaries. The reverted y phase was 

observed predominantly along these interlath boundaries as shown in the TEM 

micrograph, Fig. 8(b). It is noted that the interlath boundaries of the 

blocky martensites were often the location of £ martensite as shown in Fig. 3. 

C. Fe-12Mn-0.2Ti. Effect of Cold Working on the Reversion Annealing Treatment. 

A beneficial effect of conbining cold working with the reversion annealing 

treatment was reported(l 2) in some Ni alloy steels and low Mn steels. The 

eff~ct was expected to be greater in the 12Mn alloy steel because of the £ 

martensite intrusion. The cold working not only provides a strain energy 

for the higher decomposition rate of the metastable a oartensite but also 

transforQS the t martensite to a cartensite. It therefore removes the pre-

ferential nucleation sites for the reverted y in the subsequent annealing. 

The as-quenched blanks of 12Mn alloy were cold rolled 50% and reversion 

annealed at different temperature for 4 hours. The resultant phase distri

bution in the specimens and their Charpy impact energy at -196°C are shown 

in Fig. 9. Compared to the reversion annealing treatment alone (see Fig. 5) 

the combination of cold working and annealing resulted in greater amount 
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of retained y and less amount of £ martensite. TPe c0rrelationship between 

the anount of retained y and tPe Charpy impact energy ~es ~xcellent, showing 

the maxinun values in the specimen annealed at 600°C. 

Low temperature mechanical properties obtained for the specimens cold 

worked and annealed at 600°C for 4 hours are shown in Table III. An unusually 

high yield strength was obtained with a concomitant inprovet!lent of fracture 
I 

toughness. In Charpy tests a sharp ductile-brittle transition was no longer 

observed as shown in Fig. 7. A fractograph of a specimen broken at -196°C, 

Fig. 10, did not show any trace of the brittle intergranular fracture. The 

Llicrostructure of a cold worked and reversion annealed specimen, sho~~ in 

Fig. 11, consisted of recrystallized a grains and uniformly distributed re-

tained y of slightly less than 0.5 pm. 

D. Fe-12H~-0.2Ti. £ Martensite in the y-Cvcling Heat Treatment. 

In a group of maraging steels it was observed< 13- 1 ~) that a heat-cycling 

treatment between ambient temperature and above Afa resulted in an increase 

of fracture toughness. The improvement of the toughness was attributed to the 

accumulation of reverted y \o:hich formed furing the slot.• heating across the 

two phase region. The accumulation of the reverted y ~as also expected in the 

Fe-l2Mn-0.2Ti alloy because of the broad two phase region. The application 

of above technique, however, resulted in sone unusual effects in the 12Mn alloy. 

The cycling treatment consisted of a repetition of a brief heating' 

(5 cin. at 680°C) and ice brine quencing cycle. As a result of this treat-

rnent a build-up of retained £ martensite rather than retained y was observed 

as shown in Fig. 12. Saturation of the £ martensite occurred after three 

cycles. A small ar.1ount of retained y was detectable 'io.'i thin the first 5 cycles, 

but was absent after further cycling. 

Mechanical properties were measured for the speci~ens y-cycled five times 

and sho\om in Table II I. A drastic reduction of the yield strength was observed 
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after the cycling treatnent. On the other hand the ultimate tensile 

strength was slightly increased over as-quenched condition. A premature 

yielding phenonenon was observed in t~e engineering stress-strain curve. On 

the other hand, the y-cycled specimens showed enhanced toughness in Charpy 

impact testing as sho~~ in Fig. 7. Tte fracture surface of a Charpy speci

men broken at -196°C, Fig. 13, shoHed a fibrous decohesion along prior y 

grain boundaries rather than flat facets. 

E. Fe-8Nn. Effect of Grain-Refining by y, a + y Cycling Heat Treatment. 

Jin(G,IS) developed a thermal cycling technique to reduce the grain 

size of an Fe-12Ni-0.25Ti alloy. The technique essentially utilizes the 

decomposition of the metastable a martensite in the two phase region·and 

the homogenization/recrystallization reaction in y region alternately. The 

effective reduction of grain size and the improvement of toughness by this 

technique has been also observed in other alloys.(IG-17) However, a pre-

liminary study to apply this technique to an Fe-12Mn-0.2Ti alloy was not 

successful. The reason appears to be the intrusion of the E martensite, 

which will be discussed later. On the other hand the technique was found 

to be very effective in a 100% a martensitic Fe-8Mn alloy. 

A schematic diagra~ of the heat treatment:is shown in Fig. 14. An 

as-quenched specimen underwent a series of heat treatments consisting of 

2 hours alternate holding in y region and a + y region of equilibrium phase 

diagram with intermittent quenching. The heat treating temperature in the 

y region (750°C) was above Afa deternined by dilatometry. 

The reduction of grain size by the thermal cycling treatnent is demon-

strated in Fig. 15. Shown in Table III are the cryogenic tensile properties 

of the 8Mn alloy before and after the grain refinement. The 8Mn alloy had 

little ductility at -196°C in as-quenched condition. After the cycling heat 

treatment, however, the reduction in area was enhanced from 6% to 70% and 
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the total elongation was increased fr0~ 4% to 26%. The inproved toughness 

was also evidenced in Charpy tests. As shown in Fig. 16 the transition 

temperature was suppressed fron 30°C to -100°C. 

The X-ray diffraction analysis. sr.o"'•ed that the 8Mn alloy grain-refined 

by the above method -consisted of only bee phase. In order to see the effect 

of retained y in this structure an adcitional heat treatment (600°C/4h, denoted 

' 
as 2B + Ret. y in Fig. 14) was given to the heat cycled B~!n alloy. Approxinately 

10 vol. ~ of retained y and 9 vol. i, of t martensite was detected in the final 

specinen. This treatment resulted in an additional suppression of the transi-

tion tenperature by 50°C. However this improvenent of toughness was accorn-

panied by a slight decrease in the yield strength as sho~~ in Table III. 

.• 
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IV. DISCUSSION 

A. Fe-12~n-0.2Ti. Retained Phases. 

The effect of equilibrium decomposition o( a nartensite within two phase 

(a+ y) region on resultant microstructure and Qechanical properties has been 

extensively studied in Fe-Ni alloys.< 3-S,IS) Belo~ Asa' the transformation 

is essentially diffusional process. The maxin1um rate of the y reversion at 

given heat treating tine and the retention of the reverted y on subsequent 

cooling are detercined by two factors; the slow kinetics of the transformation 

at low temperature and the low supersaturation of solute at high temperature. 

In the two phase decomposition the grain growth is inherently restricted by 

the iopingenent of the two crystallographically different phases. 

A cold working process prior to the reversion annealing treatment sig-

nificantly affects the anount of retained y in final specimen. It not only 

provides strain energy to enhance the decomposition rate but also creates 

numerous defects for heterogeneous nucleation sites. Helped by the restricted 

grain growth this results in an extrenely fine grain size. The reduction 

of grain size decreases Msa' of the reverted y0 9) thus increases the anount 

of retained y in final structure. 

The nature of the transformation in two phase region of equilibritm phase 

diagram of Fe-Mn system is similar to that of Fe-Ki alloys except for the 

intrusion of the £ martensite. Let us consider the case where the as-quenched 

structure is 1007, a martensite. By the same reasoning in the Fe-Ni alloys 

one would expect the oaxinurn content of retained y in a sample heat treated 

at some intermediate teoperature within the two phase range. In the Fe-Mn 

alloys an additional maximUM must occur for £ martensite since the reverted 

y nay have a continuun of solute concentration with respect to heat treating 

temperature. The heat treating tenperature for the r.axinum £ martensite is 
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higher than that for the naxi~uo retained Y• If the as-quenched Fe-Mn alloy 

has already some t ~artensite this would mostly affect the nucleation and 

growth pattern of reverted y in subsequent two phase heat treatnent because 

of a diffusionless transfornation of t + y preceding the diffusional de-

composition of a' + a + Y• 

As shown in Fig. 5 the maximun retention of the reverted y and t mar

tensite in the reversion annealed Fe-12Mn-0.2Ti alloys occurs after 500-550°C 

and 600°C treatment respectively. The location of the t martensite peak 

in Fig. 5 is in close agreement with Holden's( 20) data which described a 

sharp maximum of t content in Fe-15%Mn composition in binary alloys. According 

to an equilibrium phase diagram< 21 ) the }m concentration of the y/(a + y) 

boundary at 600°C is approximately 14%. 

The initial presence of t martensite in an as-quenched Fe-12Mn-0.2Ti 

alloy affects the resultant structure in a ~ay to enhance the preferential 

growth of reverted y. During heating the t + y diffusionless transformation 

occurs between 240°C and 350°C as shown in Fig. 1. The diffusional a' +a+ y 

transformation is active at least above 450°C. Consequently the growth of 

reverted y in the latter reaction will occur most easily along the previously 

formed y phase. This results in the unique lath-like nicrostructure shown 

in Fig. 8. 

The cold working process added to the reversion annealing treatment changes 

the microstructure of Fe-12Mn-0.2Ti alloy in two ways: creating strain energy 

of the system and transforning t martensite to a' martensite by a stress

assisted mechanism.(Z0, 2Z-Z3 ) The effect of strain energy and defects is 

similar to that of Fe-Ni systen. The£+ a' transformation by cold working 

in Fe-Mn system is significant since it reooves the origin of t + y reversion 

thus allows isotropic growth of new phases in a' + a + y reaction. The increased 

amount of retained y in contrast to the considerably reduced t martensite 
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in Fig. 9 can be attributed to the grain size effect as in Fe-Ni syste~. 

Present data indicate that not only Msa' but also Mst tecperature of reverted 

y decreases with decreasing grain size. 

The significance of the reversion annealin~ treat~ent from the mechanical 

property point of view is that it increases strength and toughn~ss simul-

taneously. This is mainly due to the retained y and the fine grain size. 

The impact toughness showed a particuarly good correlation with the amount 

of retained y as shown in Fig. 6 and Fig. 9. Fron present data, however, 

it is difficult to isolate the contribution of the reduced grain size to 

the impact absorption energy fron that of the retained y phase. In Table III 

it is interesting to note that the yield strength of a reversion annealed 

specimen increased slightly fron as-quenched state in spite of the presence 

of retained y. This phenomenon may be attributed to the reduced grain size. 

Similar. observations have been nade in some other alloy steels< 24- 26 ) ~here 

a heat treatment causing a retention of reverted y did not decrease the yield 

strength. 

In contrast to the innocuous effect of the retained y, the t martensite 

seriously affects the yield strength of the 12Mn steel although it suppresses 

the ductile-brittle transition temperature. In a y-cycled specimen almost 

80 vol. % of t martensite was detected while no significant change of the 

grain size or the amount of retained y was observed. Therefore the decrease 

of yield strength in they-cycled specimen can:be attributed to the t t'larten-

site. The phenomenon is presumably due to the stress-assisted transformation 

of t martensite to o' martensite, as was evidenced by a premature yielding 

in the tensile test. Therefore it may be concluded that the t martensite 

is beneficial for the impact toughness of Fe-12Mn-0.2Ti alloy but with a 

sacrifice in yield strength. 
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B. Fe-8t-fn. Grain Size Reduction by Themal Cycling Tecl':nique. 

The alternate heat cycling treatrent between y and a + y region has been 

found effective in Fe-12Ni-0.25Ti,(o) Fe-8Ni-2Mn-0.25Ti(l 6) and 9Ni steel.(l7) 

In present work the technique proved to be also effective in Fe-8Mn system. 

It is noted that the initial structure of these alloys is essentially 100% 

a' martensite with high dislocation density. The techni~ue may not be so 

effective in an a' Mn steel alloy with an admixture of E !!lartensite as indicated 

by a preli~inary study in an Fe-12Mn-0.2Ti alloy. The nain reason appears to 

be the intrusion of E ! y transformation into the a' + a + y reaction as 

discussed before. 

The extent of grain size reduction in the present work reasonably corresponds 

to the Tc suppression. When plotted according to Stroh's< 27 ) relationship, 

Tc vs. ln (d), where Tc and dare the ductile to brittle transition temperature 

and the grain size respectively, a slope of 31°C/ln(pm) ~as obtained. This 

is in good agreement with P.olton's(S) and Robcrts'(g) data in Fe-8Mn and 

Fe-9Mn respectively where the prior austentite grain size was controlled by 

different heat treating conditions in y. 

The Tc of the heat cycled specinen can be reduced further by additional 

heat treatement as shown in Fig. 16. However a slight degradation of yield 

strength is unavoidable in this case. This phenomenon ~ay be attributed 

either to the retained y or the £ martensite present in the final specimens. 

A conclusive evidence was not sought in this work. However, in view of the 

earlier observation on the role of the E martensite in 12Mn alloy the cause 

would be nore likely found in the precature yielding induced by the stress 

assisted E +a' transformation. 
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The following conclusions ~ay be drawn fron the present investigation. 

{I) A reversion annealing heat tre_9tment \olithin the t\\·o-phase {a + 'Y) region 

is beneficial for the low temperature mechanical properties of Fe-12Nn-0.2Ti 

steel. The inprovenent in properties is obtained oainly by retained austenite 

and grain size reduction. 

{2) Cold-~orking enhances the improvement in the cryogenic mechanical proper-

ties produced by the reversion annealing treatment. This is achieved chiefly 

through an increase of the decomposition rate and the removal of preferential 

sites for the new phase. Conbining the two processes results in a simul-

taneous improvement of toughness and yield strength in Fe-12Mn-0.2Ti steel. 

{3) The presence of £ martensite suppresses the doctile-brittle transition 

temperature of Fe-12Nn-0.2Ti steel, but only at the expense of yield strength. 

{4) An Fe-8~~ alloy can be toughened by a cycling heat treatment to reduce 

grain size. This technique is ineffective in an Fe-12~m-0.2Ti alloy due to 

the presence of £ martensite in the initial structure. 
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Table I. Chemical Composition of Alloys. 

Alloy Designation Composition (wt. pet) 

Fe Mn Ti c 0 s p 

Fe-8Mn Jtnl • 7.R 0.04 0.002 o.oso 0.006 0.007 

Fe-12Mn-0.2Ti Ral. 11.9 0.16 0.001 0.028 0.007 0.007 

- : Not analyzed 

Mo Ni Cr v 

- - - -

0.010 0.050 0.002 0.010 

Nb 

-

0.005 ' 
J 

I 

0 

0 

t.•:: 

~' 
~-

~ 

c 
~'· 

""'" 

~, 
I 

(~$":• 

&. 



Table II. Transformation Temperatures (°C) of Alloys. 

Alloy Designation As£ Af£ As a' .A fa' Msa' 

Fe-8Mn - - 660 700 460 

Fe-12Mn-0.2Ti 240 350 570 670 260 
--·--·-----~-------

As£, Af£: Start and finish te~persture for £ + y transformation on heating. 

Asa', Afa': StArt nnd finish tP~perature for a' + y transformntion on hentjnr,. 

Msa', Mfa1 : Start and finish temperature for y +a' transformation on cooling. 

Mfa' 

310 

120 
I 

N 
0 
I 

\I 
I, 



Table III. Mechanical Properties of Fe-t-1n Alloys. 

Composition Treatment Test 0 
(1 uts, 

Temp.(°C) (MNfu-2) (~INm --) 
-

Fe-12Mn-O. 2Ti As-Quenched 25 600 924 

" " -196 889 1351 

" 500°C/8 hrs -196 952 1358 

" 50% reduction -196 1179 1503 
+600°C/4 hrs 

" b80°C/5min., 5 cycle -196 593 1393 

Fe-8Mn As-Quenched -196 965 1041 

-II 750°C/2hrs -196 965 1055 
+650°C/2hrs, 

2 cycles 

" _Ahove + -196 848 1083 
600°C/4 hrs 

- : not measured 

* : ~ value. ASTM thickness requirement for Krc was not met. 

a,: 0.2% offset engineering yield strength. 

auts: Ultimate tensile strength. 

Uniform 
Elong.(%) 

6 

11 

lR 

26 

19 

4 

26 

32 

0 
Total Red. in K : 

(~~~m ~J/2) I F.long.(i.) Area(%) 
--- --

25 78 

c 
:"" 
'Ott~'\/. 

25 54 63 
I 
I 

,....._ 
~ ..... ..., ... 

1:; 
~ 

33 62 70 -00 

38 66 100 I c 
1 
I 

I I .x~. 

33 61 79* 
N 
...... 
~ I 

4 6 - I 
0,.,. 

7 70 - U1 

18 64 -
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FIGURE CAPTIO~S 

F.ig. 1. Fe-12Mn-0.2Ti. A dilation curve showing transformation teoperatures 
during continuous heating and cooling. 

Fig. 2. TEM (Transmission Electron Microscopy) micrographs of as-quenchec 
structures. 
(a) Fe-8Mn 
{b) Fe-12Mn-0.2Ti 

Fig. 3. TEM dark field image of £martensite with diffraction pattern analysis. 
The image was obtained by (10l0)£ reflection. 

Fig. 4. SEM {Scanning Electron Microscopy) ~icrographs of fracture surfaces 
of Charpy specimens broken at -196°C. 
(a) Fe-8Mn 
(b) Fe-12Mn-0.2Ti 

Fig. 5 •. Fe-12Nn-0.2Ti. Structural constituents and Charpy inpact energy 
(CVN) at -196°C of the specimens heat treated at temperatures for 
4_ hours. 

Fig. 6. Fe-12Mn-0.2Ti. Structural constituents and Charpy impact energy 
(CVN) at -196°C of the specimens heat treated at 500°C for ,indicated 
period. 

Fig. 7. Fe-12Mn-0.2Ti. Ductile to brittle transition curves after different 
treatments. 

Fig. 8. 

. Fig. 9. 

Fig. 10. 

Fig. 11. 

Fig. 12. 

As-quenched; austenitizing (900°C/2hrs) 
Reversion annealed; 500°C/8hrs 
y-cycled; 680°C/5nin., 5 cycles 
Cold work {50%) + Reversion annealing; 50% Reduction +600°C/4hrs 

Fe-12Mn-0.2Ti. Optical (a) and TEM (b) nicrographs of a reversion 
annealed specimen {500°C/8hrs) 

Fe-12Mn-0.2Ti. Structural constituents and Charpy impact energy 
{CVN) at -196°C of the specimens cold worked SO% and annealed at 
temperature for 4 hours. 

Fe-12Mn-0.2Ti. SEM micrograph of fracture surface of a Charpy 
specinen broken at -196°c. Treatnent; 50% <old reduction and ar~ealed 
at 600°C for 4 hours. 

Fe-12Mn-0.2Ti. Optical (a) and Tnt (b) micrographs of a specimen 
cold worked 50% and annealed at 500°C for 8 hours. 

Fe-12Mn-0.2Ti. Variation of structural constituents upon y•cycling 
heat treatment (680°C/5min.) 



Fig. 13. 

Fig. 14. 

Fig. 15. 

Fig. 16. 
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Fe-12Nn-0.2Ti. sn• nicrograph of fracture sur:ace of a Charpy specimen 
broken at -196°c. Treatment; y-cycling heat t~eatment (680°C/5min., 
5 cycles). 

Fe-8Mn. A scheMatic diagrar. of y, a + y cyclling heat treatment 
for grain refining • 

. Treatment; 750°C/2hrs (1A,2A) and 650°C/2hrs (lB,2B), 2 cycles. 
Additional heat treatment (600°C/4hrs) was added for 2B + Ret.y. 

Fe-8Mn. Optical micrographs of an as-quenched specimen (a) and 
a y, a+ y cycling heat treated specimen (b). The structure of 
(b) was obtained after 2B treatnent in Fig. 14. 

Fe-8Mn. Ductile to brittle transition curves after different heat 
treatments. See Fig. 14 for the heat treat~ents schematic. 
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Fig. 10 
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Fig. 13 
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