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AN INVESTIGATION OF THE STRUCTURE AND EROPERTIES OF
TRON-MANGANESE-CARBON ALLOYS
David George Atteridge
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering, College of Engineering;

University of California, Berkeley, California

ABSTRACT

The experimental.reséarch performed for this thesis resulted in
deVelopﬁent'of'an Fe-12 wt 7% Mn-0.2 wt % C high-strength TRIP steel with
a yield strehgth of 180ksi, an ultimate strength of 240ksi; and an
elongation of 20 percent. The processing consistedAof a‘preliminary
reduction at 750C, slightly into the Y single-phase region, followed by
final warm rolling at 400C. |

~ The feasibility of reducing both the alloy coSt and the production
cost of high-étrength TRIP steel was demonstratéd. Alloy cost can be
reduced through the use of the Fe-Mn-C system, as ﬁhe present TRIP.steels
contain both high-cost Ni and Mo. Production costs can be reduced by a.
decrease in the amount of warm-rolling reduction required to produce a
given—yield—sfrength TRIP steel by the inclusion of a low-temperature
hot-rolling étep prior to warm rolling,

The research effort also included a set of experiments aimed at
determining the feasibility of developing a 1ow—co$t, medium~strength .
TRIP steel (100-125ksi). It was found that one coﬁld achieve this b&
hot rolling'a given Fe-Mn-C alloy at temperatures at the lower end of the
Y single-phase région. A variety of alloy compositions were amenable to
this type of processing and.resulted in alloys with higher yield strengths,

100 vs. 60ksi -~ and comparable elongations, 15 to 20 percent -- than the
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present industrial.hot—rolled alloys; the curreng hot-rolled alloys are
all ferritic alloys, while alloys of the pfesent iﬁ#eétigation are austen~
itic as processed.

The results of this work established the feasibility of producing
1ow—¢ost TRIP steels for both high and mediuﬁ streﬁgthvrequirements. fhus
the combination Qf the increased resistance to fracture demonstratéd by
TRIP steel and the improved resistance to hydrogen embrittlement and
stress cor;qsion cracking of an austenitic matrix over that of a ferritic

matrix is potentially within the grasp of industry.
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I, INTRODUCTION
The industrial use of high-strength steel has been plagued with the
p:oblem of . decreases in elongation and fracture toughness with increésing
yield strength. Recently a new type of alloy, TRIP steel, was designed

to eliminate both of the above-mentioned problems.(l)

The acronym TRIP
stands for Transformation Induced Plasticity, and it describes a class of
metastable austenitic steels that exhibit a strain-induced phase trans-

formation from Y to a'. The TRIP steels, which are austenitic until

-.plastically deformed, exhibit yield strengths up to 250ksi, elongations

from 20 t? 40%, and fracture toughnESé values (in thin sheets) up to
SOOksi-in?(l_ll) And yet with all these assets TRIP steels remain, for the
most part, only an interesting academic study in alloy design because

problems related to their processing preclude their commercial use.

" Two major stumbling blocks to increased industrial use of TRIP steels are

the high cost of the alloying elements and the high cost of processing. A

typical TRIP steel contains 9% Cr, 8% Ni, and 3.57 Mo plus small amounts

of Mn, Si and C; Ni and Mo are particularly expensive. Thé'processing

requires that the-alloy be given an 80% reduction in thickness by warm
rolling at temperatures up to 450°C; this requires high-strength rolls and
high-load-capacity mills. The objective of thenpresent investigation was
to.apply alloy design theory to the problem of developing TRIP steels with
substantiéllyvréduced cost, from the standpoint of both alloying elemenés
and processing. |

.The basiC'reﬁuirement of a TRIP steel alloy system is that its allof
chemistry be suitably balanced to produce a metastable austeﬁitic

(3-5,12)

matrix. - This requires that at least one of the major alloying
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elements be a strong austenite stabilizer: in the existing system both

Ni and C are austenite stabilizers. A secondary requirement is that the
system be capable of attaining a high austenitic yield strength. This is
done in the existing system by combining carbide precipitation (due to the
strong carbide formers Mo and Cr) with substructure refinement(through warm

rolling).(13—2l)

It is felt that the warm roiling essentially eliminates
any continuous high-angle grain boundary structuré—-leaving a Very fine g
cellulaf substructure-—, and that'fine, coherent precipitation or clustering »
also takes'place during the processing, resulting in high yield strengths.
Warm roilihg is used because one must be above the Md temperature.-— the
temperature at which the matrix first beéomes unstable with respect to

plastic deformation -- in order to prevent the formation of o' during pro-

cessing, and one must be sufficiently below the eQuilibrium Y range to

avoid strain-induced recrystallization ahd,at the same time, at a low

enough temperature to eliminate gross carbide precipitation.(22’23)

This type of steel demands that the phase stability of the given

alloy system be balanced such that carbide precipi;atioh tgke placé iﬁ

the y matrik at warm-rolling temperatures and that the Y matrix be stable at

room ;emperature with respect to atherﬁal transformation to a', but un-

stable with respect to a étrainfinduced phase tranéformation. Yeﬁvthe

matrix must be sufficiently stable against this strain-induced transforma-.

tion to resist transformation until plastic deforma#ion has takén place; .
if the matrix is too unstable the transformation proceeds during elasfic

deformation of the Y matrix and the steel exhibité a premature, low~yield-

(5)

strength phenomenon.
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Theballoy chemistry and processing variables must also be controlled
so that the resultant TRIP steel exhibits the plastic strain~induced
phase transformation in the applicable temperatﬁre range.(3;5’24) The
temperature of a TRIP steel in industrial use must be confined to a limited
region betwéen the MS temperature, where the matrix starts to athermally
transform tq o', and Mﬁ temperature, above which the matrix remains
agstenitic under plastic deformation. This limitation is due to the
fesultant’méchanical prope:ties being controlled by the amount of
martensite formed per unit strain, and to the factvthat this rate of
transformation changes as a function of both temperature and strain rate,
wifh’thevamount of transformation decreasing‘aS'either is increésgd.
Therefore, the alloy chemistry or a given TRIP steel must be carefuily'
balanced to assure that its austenite will have the correct amount of

_metastability, after processing, in its required.industrial temperature
range. |

The résultént metastability of the austenite‘is a complicated

" function of alloying chemistry and processing variables. The usual

. TRIP steel processing, prior to warm rolling, that is now used is that

of austenitizing the material at a high enough temperature of eliminate
residual carbideé, and then rapidly duenching to suppress the formation
vof equilibrium decomposition products. Both the optimum austenitizing

temperature and the warm-rolling temperature, along with the optimum

percent reduction in thickness, must be determined experimentally. ' The

géneral mechanical property trends as a function of alloying content,

CE

’

and the processing variables for TRIP steels have been outlined,

but it is hard to relate these to equilibrium or metastable phase
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diagrams bécause the phase relationships in multicomponent systems are
either extreméiy.compli&ated or unknown.

The work éerformed for this theses consisted of preliminary
characterization of an alternative TRIP steel syétem; the Fe-Mn~C systenm,
and development of methods for processing TRIP stéels which are alternates
to those now in use. The Fe-Mn-C system was chosen for several reasons.
The as-solution-treated structure is known to change from o t6 Y witﬁ
increasing Mn and/of C content, and carbides form in the Y matrix with

).(25_27) Selected as-solution-treated

(28-30)

increasing C content (Fig. 1
alloys eihibit a y-to-a' transformation upon straining. Both C
and Mn are low-cost alloying elements. In addition, several practical
industrial alloys are based on this simple ternary system; austenitic.
manganese steel (Hadfield steel) is one example. |

‘The Fe-Mn-C system is, therefore, a low-cost ternary alloy system
which is known to exhibit a Y-to-a' phase transformation, with the
possibility'of the required y-matrix carbide strengtﬁening coming from
Fe or Mnrcafbides. This system also held out the promise of the resultant
méchanicél properties béing directly relatable to knqwn equilibrium
orkmetasfable phases present at the given processing:temperatures, as
a relatively large amount of accumulated phase-diagram knowledge is

available for this system.(25’29’31’32)

The processihg of -this alloy
system was guided by the known phase stability of the Fe-Mn-C syétem,_
‘and the desire to relate the resultant properties to it. »

The experimental results of this investigation are categorizéd by

processing procedure. The first section covers the mechanical properties

.
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Fig. 1. Phases present in Fe-Mn-C system as solution treated.
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of alloys given a modified hot-folling treatment. The second section
contains the mechanical properties of the warm-rolled alloys and the

results of an investigation into modified warm-rolling procedures.



II. EXPERIMENTAL PROCEDURES

A. Alloy Processing

The raw materials used in preparing the alloys for thié program
were 99.99%Z pure. The selected materials were induction melted under an
argon atmosphere and cast into water-cooled copper molds. The ingots
were approximately 1" in diameter and weighed 1.5 lbs.; the alloy compo-
sitions and.alloy‘designations used in this study are summarized in
Table I

The'alloy ingots were doublebagged‘in stainless steel foil and
_homoéenized at 1200C for 2 hours and then ice—bring quenched; This treat-
ment was considered sufficient as there are no high-temperature carbides
formed in the Fe-Mn-C éystem? and the recommended solution heat-treatment
for as-;ast,Haafield steel, which hés a higher carbon content than the
alloys used in the present study, was 1010C for 1/2 hour followed by a
rapid.quench.(25;33)

The alloys were cut into 1/4" slices and processed by either hot
or warm rolling, or both, to yield a reduction of thickness of appfoxi-
matelf.SOZ, unless otherwise indicated. The speciﬁens to be hot rolled
were again doublebagged in stainless steel foil and austenitized at 1100C
for 1/2 hour; they were then removed from the furnace and pléced difectly
into another furnace at the required hot-rolling témperature. The bags
»werevfemoved from the specimens just before they were placed in the hot-

rolling furnace; the hot-rolling temperétures varied from 650C to 950C.
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_ TABLE I. Alloy compositions and designations.

Alloy Alloy Content, wt %
Designation Mn v C
12-0 12 | 0
12-3 ‘ 12 0.20
12-5 - | 1 ‘ 0.52
12-8 ' 12 0.82
12-10 12 1.09
10-3 9.8 0.35
10-5 9.8 | 0.48
10-8 9.9 0.79
10-10 9.9 1.07
8-3 8.0 0.35
8-5 7.8 0.50
- 8-8 8.0 0.81
8-10 8.1 1.03
6-5 6.2 0.47
6-8 6.3  0.85
6-10 6.3 1.10
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through a multipass rolling schedule. The alloys were replaced in the
furnace between passes to assure a constant rolling temperature. The
rolls were preheated to 150C to minimize cdld—roll surface~quenching
effects; this was done for the warm—-rolled specimens also. The specimens

were water quenched after the final reduction pass.

The warm-rolled specimens were given a prior hot-rolling treatment

‘essentially the same as that outlined above except that the percent

thickness reductions were varied, as mentioned in the Experimental

" Results section. The warm-rolled specimens were heated to the warm-

rolling temperature from room temperature, and were warm rolled down

through a multipass process to yield a total reduction of 807% calculated

‘from the pre—hot—rolling thickness. The warm-rolled specimens were

replaced in the furnace between pasées, as in the hot rolling; warm-

rolling temperatures varied from 200C to 500C. Processing deviations

from the general procedures outlined above are mentioned in the text.

B. Mechanical and Magnetic Testing

Tensile specimens were machined from the as-rolled ﬁaterial; the
specimens were approximately 0.05 in. thick and &ere machined to the
configuration given in Fig. 2. The finished specimené were tested in
an Inétron testing machine using a crossﬁead speed of 0.1 cm/min.

The volume percent martensite in the specimens was determined
through the measurement of the specimen's séturation induction ﬁy a
permeameter; the permeameter was designed for use with this specimen
(34)

configuration, and its design and use are discussed elsewhere. The

effect of the various alloying elements on the saturation induction of

iron was determined from the literature, and was used'to calculate the
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Fig. 2. Dimensions of flat tensile test épecimen.
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percent ai'p:esent in the given sample prior to and following mechanical

(25,35,36)

testing. The mechanical property results and pre-and post-test

~percent of magnetic phase present in the specimens, and the average

o' formation rate (in volume percent &' per unit strain) are summarized

in Tables iI‘through‘VIII.



TABLE II. Mechanical roperties for alloys rolled at 250C, 450C and 650C.

Strength, ksi

%

7% Martensite
Alloy Yield T—Ultimate Elongation |Pre-test| Post-testf % Formed/ % Elongation
~ 250C .
12-0 186 189 3 98 99 0.33
450C

12-0 159 163 3 94 99 1.67
| 650C

12-0 78 133 10 67 88 2.10
124 131 7

12-3 60 174 21 0 62 2.95

69 173 19

12-5 108 142 11 0 4 0.36
109 152 13

12-8 133 160 6 0 4 0.67

138 178 '10 |

12-10 159 188 4 0 5 ! 1.25

156 | 202 7 |




TABLE III. Mechanical properties for alloys rolled at 750C.

Strength, ksi

o = % Martensite
Alloy Yield -Ultimate Elongation |Pre-test|Post-test | % Formed/ % Elongation
12-0 79 125 8 66 89 2.88.
66 127 10
12-3 46 171 19 0 65 3.42
57 157 18
12-5 101 148 14 0 5 0.36
96.5 138 12 -
12-8 128 162 - 8 0 5 0.63
12-10 144 180 6 0 4 0.66
138 172 6
10-3 74 89 3 2. 24 7.35
75 96 . 6
10-5 81 111 10 0 8 0.80
87 176 12
8-3 121 >185 >1 30 73 43
93 >224 >7
8-5 7% 96 3 0 24 8
78 101 5

.—E '[_

0

k4

5

13
5
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e



TABLE IV. Mechanical proberties for alloys rolled at 850C.

Strength, ksi 4 4 Martensite |
Alloyﬂ Yield -Ultimate Elongation |Pre-test Pbst-test: % formed/ % Elongation
-+ 12-3 71 224 21 0 92 4,38

| 69 | 208 17

12-5 104 158 22 0 10 0.46
109 151 17

12-8 127 167 7 0 5 0.71
129 173 11

12-10 140 181 6 0 4 0.66
147 187 5

10-3 85 177 13 1 51 3.80
88 152 - 11

10-5 113 | 166 - 13 2 | 28 2.0
120 | 154 11

10-8 110 150 5 0 3 ' 0.60
102 | 147' 6

10-10 135 176 5 0 4 0.80
141 177 4




TABLE IV. Mechanical properties for alloys rolled at SSOC_(ant.)

Strength, ksi % | Z’Mértensite
Alloy .Yield -Ultimate Elongation Pre-test Post—tést % formed/ % Elongation
8-3 1 220 >4 - 38 91 13.25
* 223
8-5 78 166 7 6 44 5.44
74 150 7
8-8 121 144 5 5 7 0.40
115 142 6
8-10 128 171 3 5. 7 © 0.66
| 134 168 4
6-5 152 264 5 53 100 9.40
6-8 99 112 4 0 8 2.0
o1 119 5
6-10 127 158 3 2 17 5.0
138 170 4

* -
Not recorded.

_g'[_
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TABLE V. Mechanical properties for alloys rolled at 950C.

Strength, ksi Z Z Martensite
Alloy Yield -Ultimate Elongatidn. Pre-test| Post-test | % Formed/ % Elongation
12-3 46 190 ' os18 5 99 ©5.23
50 1 221 23 |
12-5 76 136 19 3 10 0.90
101 149 16
12-8 115 166 19 0 3 0.16
118 170 19 |
12-10 144 190 12 0 4 0.33
139 187 14
10-3 84 133 8 2 39 4.53
78 176 11 | |
10-5 104 153 16 4 R 1.88
| 11 152 15
10-8 101 - 136 K 0 4 0.45
115 148 8
10-10 126 160 10 0 4 0.40
116 151 11




TABLE V. Mechanical properties for alloys rolled at 950C (Cont.)

. Strength, ksi A % Martensite
A11°yv Yield '#Ultin_xit'e- Elongation |Pre-test|Post-test ‘| ¥ Formed/ %,vElongation

85 85 175 6 8 43 5.84
66 147 6

8-8 102 132 8 5 ' 8 0.38
93 121 8

8-10 118 142 4 1 4 0.75
121 143 2

6-5 153 265 5 56 100 8.80

6-8 93 141 5 10 20 0.50
93 117 4

6-10 131 149 5 0 7 1.40
117 T 11 3

=LT-



TABLE VI. Mechanical properties for alloys with preliminary reduction at 950C

followed by sécondar& reduction at 400C.

‘ Strength, ksi % % Martensite

‘A11°Y  "Yield - .Ultimate -Elongation’ Pre-test| Post-test ‘| % Formed/ 7 Eldngatién

12-3 113 240 20 2 86 ) 4.20
113 - 235 23

12-5 16; 190 9 | 0 4 0.23
164 197 8

12-9 187 203 5 0 3 1 0.60
216 236 9

-81-



TABLE VII. Mechanical properties for alloy 12-3

givenva preliminary feduction of 62 percent

at 750C.
| #iiizzg;ry ) Strength, ksi: : oz % Martensite -
| Iempe;aﬁy;g 'nyie;d ’\Ulgigégg | Elgngation Prg-tgst Post-test | % Formed/ % Elongation
so0 | 133 | 220 | 2 0 79 3.9
138 250 23
400 | 138 223 18 0 92 5.11
140 246 21
400" 160 237 18 0 65 3.61
156 222 16
300 151 231 16 0 68 4.25
155 228 20
200 128 223 20

*
Continuous rolling procedures. See text.

-61-
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TABLE VIII. Me»chanical properties for alloy 12-3 rolled

94 percent with preliminary reduction at 750C followed by secondary reduction at 400C.

7 Redugtion Strength, ksi ‘-Z‘ | . % Martensite ,
at 750? Yield |-Ultimate | Elongation |Pre-test| Post-test '|% Formed/ % Elongation
76 174 1 232 6 0 64 , 4.0
178 238 15
85 162 - 216 15 0 61 4.06
160 220 14
93 143 221 18 0 65 3.52
136 216 17

-0¢-
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ITI. EXPERIMENTAL RESULTS
This section breaks down the experimental results into two sub-sections.
Each sub-section reports on a differéntvprocessing procedure. The first
contains the results of the hot-rolled alloys; the second contains the re-

sults of the'varm—fdlled alloys.

A. Hot-Rolled Alloys

The alloy compositions for these steels were selected so as to straddle
the as-solution-treated a' + Y to Y boundary, as defined in Fig. 1. The

alloys ranged in composition from 6 to 12 wt% Mn and from O to 1.1 wt%C

" (Table I).

The thermomechanical processing for these alloys began with a high;
temperatgrg auétenitizing treatment at 1200C followed by a rapid quench.
Then the alloys were given a ﬁediumrtemperature austenitizing treatment ét b
1100C and put directly into the hot-rolling furnéce. The selection of the
hot-rolling temperatures for each alloy was based‘upoh the equilibrium
phase diagram for the given alloy. The diagrams used as a basis for this
selection are given in Figs. 3-6, where.the phase boun&aries are plotted
| ' @25

as a function of changing C content for a given Mn content.

The experimental results for the hot-rolled alloys are broken down

first by Mn content and then by carbon content; a composite overview is

given in the 1ASt section on hot-rolled alloys.

»

1. Fe-127 Mn Alloys

The as-solution-treated structures for these alloys were expected to
vary from a mixture of o', €' and Y for the 12-0 and 12-3 alloys through
the completely.Y structures of the 12-5 and 12-8 alloys to the Y+C structure

of the 12-10 alloy, as predicted in Fig. 1. The presence of the a' phase

-in the first two alloys was confirmed through the use of a hand magnet;
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the other alloys were found to be essehtially nonmaghetic using this same
test. This series of alloys was then rolled in various regions of the

equilibriuﬁ phase diagram, as determined in Fig. 3, in an attempt to

.determine the éffect of the change in rolling temperature (and hence in
the resultant mechanical and magnetic properties) in terms of the equilib-
rium phase stability at the given rolling temperatures.

The 12-0 alloy was prepared to allow determinétion of the effect of
the change in amount of o' formation as a function of rolling temperature
without the cbmplication of having carbide précipita:ion change.the alloy
content (and tﬁerefore the phase stability) of the mafrix. This alloy was
rolled in both the Y and the y+o regions of the equiiibrium phése diagram;
the resultant mechanical properties are summarized in Fig. 7 with the equi-
librium structure at the rgspective rolling Qeﬁperature givén at the top
of the figufe. It can be: seen that the yield strength decreaseé as the
rolling temperature incréases, aﬁd decreaées dramaticaiiy once the rolling
'is done in the Yy raﬁge. Both the amount of strain ﬁardening—-as indicated
by the difference between the yield and ultimate stfengths—+and the elonga-
. tion increase as the rolling temperature increases.

These propefty changes correspond directly to the change in the percent of
o' present in the alloy prior to aﬁd during testing. Tﬁe percent of o'
present prior tovtesting is proportional to the yield strength and decreases»
as the rolling temperature increases; it decreases substantially,bas does |
the yield strength, once the rolling is done in the Yy region. The rate of
formation, and thé total amount of o' formed during the tests, also changes
as a function of rolling temperature, with the average amount of o' formed
per unit strain intreasing as the rolling temperature increases, while the

total amount found at fracture decreases (Fig. 8). The average rate of o'
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formation is essentially a qualitative measure of Y resistance to strain-

induCEdvtransformation, as the actual transformation rate varies as a

(3’37) Nevertheless, it is felt that this data

function of plastic strain.
analysis technique is a good comparative indicator of relative Y stability.'
The redﬁction of the amount of a' preseﬁt aftef rolliﬁg in the Y re-
‘glon was fouﬁd‘to carry over to the other carbon alloys; this‘was st;ikingly
evident in‘theA12-3 élloyé This alloy waé magnetic, as determined using
a hand magget,7in the as-solution-treated condition, but after rolling in
the Y region waé found to be noﬂmagnetic by the same test. Thus, hot roll-
ing this alloy increased the stability of the Y matrix with resﬁect té
athermal fransformation to o'. This increased stability was enough to'yiéld
a metastable Y alloy at room éemperature. The stability of Yy ﬁhrough ﬁlqs-
tic deformatiéﬁ has also been documeﬁted elsewhere.(38’39) |
The resultant metastable Yy alloy was found to exhibit a high dégree.
of strain-induced transformatibn to o' during testing, as seen in Fig. 9.
Thisvresulted-in.high elongations.and a‘high degree of work hardening. The
yield strengthg, eldngations, and percentage of o' prior to tésting remain

approximately constant for all rolling temperatures, although it appears

that the yield strength may be generally decreasing slightly with increasing

rolling temperature. The matrix as-rolled is essenﬁially retained Y, but

both the work—hgrdening rate and the total percentage of o' afﬁer teéting
increase as the rolling temperature increases. This increaée in thé‘per-‘
centage of o' formed during testing and the increase in the average rate of
formation (Fig. 10) is attributed to a decrease in the disorder of the
retained Y matrix as the'rolling temperature is inc;eased.

The increasé in austenite stability -- with respect to strain-induced

transformation -~ found with increasing matrix disorder-(loﬁer rolliﬁg
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temperatures) correlates with the increase in aﬁstehite stability ~- with

respect to atﬁermal transformatioﬁ - found with iﬁcreasing plastic
deformation; both findings lend weight to the propbsal that the formation
of athermal o' (and possibly strain—induced'a' as well) is contrblied by
the energy barrier to pfopagation through a deformed matrix.(40;43)

The 12-5 alloy (Fig. 11) exhibited appfoximately conéfant yield andk
ultimate strengths, although a slight decrease in strengths may be present
as the rolling temperature increases. The properfy that sees the most
change is the‘élongation; it almost doubles as the rolling temperature
proceeds iﬁto thé'Y region (Fig. 12). This change in elongation is felt
to be due to the increase in réte of formation of o' per unit strain:as the
rolling temperature is increased (Fig. 12). |

The rate 6f fbrmation of a' per unit strain has_been demonstrated to be
‘the controlling factor in deéermining a given TRIP steel specimen's eionga—
tion; either a too-low or too-high rate of formation will decrease elonga-

ion.(3’ 44, 45) This optiﬁization of o' formation‘fate appears to be pres-

t
' ént in the 12—5_éllqy; as there is maximum in elongation at the 850C
rolling temperature. Thﬁs; aﬁ temperatures less than 850C the fate of for-
mation is too low and at 950C the rate is too high, and uniférm'eldngation'
decreases for either test condition.

The rate of o' formation for the rolling températures which'exhibif
high elongation is considerably less than that found for the high-elongation
12-3 alloy’(Fig. 8). But, as tﬁe 12-5 alloy o' would be considerably higher
V. in strength due to its increased carbon content, less of the 12-5 alloy o'
would be needed to prevenﬁ necking and yield increased uniform elbngation.

- The increaée in the rate of a' formation during tensile plastic deformation

is again, as in the 12-3 alloy, attributed to a decrease in matrix disorder.
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The 12—8 alloy results, Fig. 13, span the fegions'of y+o+C, Y+C, and
siﬁgle phase y. The ultimate stréngth is essentially constant and the
yield strength is relatively unaffected by this éhaﬁge in phase stability
regions, altﬁough the yield strength does exhibit a_slight downward trend
'as one gbes from region to region. There is, howevér, a decrease in strain
hardening rate and a large change in eloﬁgation as the rolling temperature
increases into the Yy region. The lack of magnetié-phase presenf after
rolling in'the”y+a+c region of the equilibrium phése Aiagfam is consistent
with the need for large o critical nuclei retarding nucleation in this re-
gion of the phase diégram.(22’23)

.Botﬁ carbide precipitation and o' transformation kinetics are thought
to influence the chaﬁge in elohgation found in this alloy. All thevspeci—
mens tested were essentially retained austenite as-rolied, and transformed
to épproximately 5'percent o' during testing. This constant amount of
o' formed per test, coupled with the inérease in elongation with in-
creasing rolling temperature, results in substantial changes in the average
amount of a'vfgrmed per unit strain as a function of rolling temperature
(from 0.67%/unit strain for the 650C test specimen to 0.16%/unit strain for
the 950C test specimen). An increase in the carbon content of the matrix,
as the rolling temperature increases from the Y+a+C.régidh to the y+C
region and théﬁ_into the Y region, is postulated to be responsible fo;
this decrease in strain—induced.a' formation rate through increased sta-
bility of therY matrix by the increased carbon content.

The o' forﬁed ih_this 0.8% alloy would be exceediﬁgly_high strength?

Thus, although this alloy exhibits approximately half the rate of a'
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formatioh.in the high-elongation test as was found in the optimum elongation
12—5 alloyvspeéimen, the 12-5 allpy discussion of o' formation rate con;
trolling elongation may be applicable for this alloy also.

Carbide brecipitatibn at‘grain boundaries may also influence elongatioﬁ
in this alloy. No carbide precipitation should take place pribr to hot -
rolling, as the~alloy specimens were austenitized.and then immediately
placed in the hot rolling fufnéce without an intermediate cooldown. Car-
bide clustering-and/orvprecipitation is thermodynémically possible during
hot rolling anavduring furnace soaks between rolling passes when the alloy
is«processed,in either the Y+C or yC+o regions of the phase diagram.

Grain bOundary precipifation and/or clustering would be the first to take
place, as grain boundariés aré known to be preferred preéipitation sites.
This frecipitation'reaction was expected to be retarded by the graiﬁrbpundﬁ
ary network being continually broken up both by plaétic deformation during

rdliing and by plastic deformation-induced recrystallization taking place
(46)

~during the soak periods between rolling passes. Nevertheleés, grain

boundary carbide films are known to have a profound effect on fracture
properties,.énd are expected to limit elongation at the low proceSsingf
temperatures. (47_49) ’
The 12-10 alloy yields results (Fig. 14) essentially the same as those -
found in the 12-8 alloy.
| The composite results for the different alloys are rgpidtted as a
function of compositiohvat a constant rolling temperéture inEigs; 15-18.
Once again the equilibrium phases at the given rolling temperature are

indicated above the mechanical properties. All rolling tempefatures ex-

hibit essentially the same ultimate strength, yield strength and % o'
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Fig. 18. Mechanical properties for 12-C alloys
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characteristics. The 12-0 alloy is close to 757% a',as¥rolledvand exhibits

. a strain—inducéd'transformation during testing. The rest of the alloys are

essentially retained y as-rolled. The 12-3 alloy exhibits a considerable

amount of étraih—inducedgtransformation; the 12-5 éxhibits a slight amount,

~and the other alloys are close to remaining retained Yy throughout testing.

In general, it can be seen that the yield strengths increase as the

- carbon percentage increases. The exception to this is the decrease in yield

strength going from 0 to 0.2% C; this is due to the.lZ?O alloy's containing
considerable o' as-rolled while the 12-3 alloy was essentially retained Y.

The elongétion for the metastable Y alloys is~greateét in alloys treated

in the Y region, and decreases as one progresses to thé Y+C and then to the

Y+o+C region. Elongations for-'a given rolling temperature are high if an
alldf is rolled in the Y range. Alloys rolled within the Y range exhibif
elongations of approximately the same magnitude even with wiaely varying
yield strengths;‘this is praticularly evident for the alloys rolled at
950C, where the yield strength is more than doubled with veryvlittle change
in the total eiongation. As rolling temperature isvincréased the yield

strengths of a given alloy decrease, and their respéctive elongations tend

to increase.

2. Fe-107Z Mn Alloys

The carbon content and as-solution-treated structures of the 10% Mn

alloys basically follow those of the 12% Mn alloys. The as-solution-treated

‘structure of the 10-3 alloy fell in the a'+€'+y region, the 10-5 fell in

the a'+Y; and the 10-8 and 10-10 alloys fell in the Y region.
The mechanical properties for the 10-3 and 10-5 alloys are plotted in

Figs. 19 and 20 as a function of rolling temperature} Both compositions
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are éséentially_retained Y as-rolled for all test temperatures and exhibit

3

a ytoa' phése tranformation during straining.

The amount of post-test o' for these alloys tends to increase as the

rolling temperature increases; however, so does the elongation. Nevertheless,

the average rate of o' formation per unit strain does tend to increase as
the rolling temperature increases. This correlation between increasing
formation rate and increasing elongation again illustrates the control of

transformation rate over elongation,'as discussed in the 127 Mn alloys.

The ﬁechanical property changes as a function of carbon content for the

850C and 950C rolling temperatures are similar and‘are'given ih.Figs.v21 and
22.' All alloys are essentially retained Yy as-rolled, with the vy stéBility
during testing increasing as the carbon content incréaées.‘ This is demon-
strated for the 950C test specimens by the decrease in the o' formaﬁion
rate and in tﬁe post-test o' (Fig. 23). The yield sﬁréngth tends to in-
crease'and the elongation tends to decrease as the carbon content increases.

The yield aﬁd ultimate'strengths for a given cafbon content are
relatively unaffected by a change in rolling temperature, except for the
10-10 alloy. For this alloy the strengths at the 85bC rolling temperature
are greater than those at 950C. This change in strengths would be'dué to
carbide clustering‘and/or precipitation at dislocations in the.Y matrix,
which is to be expected at the 850C rolling temperafu;e, as it falls into
the y+C region; the 950C rolling temperature is in fhe sdlely Y fegion.
3. Fe-87% Mn

The as4301uﬁion—treated structures of the 87 Mn alloys consisted of
a'+y for the 8-3 and 8-5 alloys, and Y for the 8j8.and 8-10 allOys.A Thg

mechanical properties for the 8-5 alloy are presented in Fig. 24 as a
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rolled at 950C.
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function of rolling temperature,IWhile those for all‘alloys rolled at 850C
and 950C are pfgsented as a function of carbon concentraﬁion in Figs. 25 énd
26. |

The 8—5valloy propeftiés“(Fig. 24) ‘show low eléngations and moderaté

yield’strengthé. Elongation an&’percent pre- an& poSt;teét o' increase
" with increasing rolling temperafure; all rolling.temperatures were in tﬁe
Y region, | |

The results shoﬁ that, as ohe in#reases the rolling temperature and
proceeds further into the 7y region, the M temperature increases; this is
indicated from the increase in al present as-rolled. .

The rate of o' formed per unit strain is very great for thé 750C
specimen (24%/unit strain), decréases to 5.4%/unit strain for the 850C
spécimeﬁ,'and then iﬁcreases for the 950C specimen (to 5.8%/uﬂit_stréin).
The plastic défprmation retained in the 750C specimens reSulted in an
essentially retéined‘y matrix which was very uﬁstable. Smﬁll amounts of
strain induced a iarge amount of transformation fo a'. The reduced re-
tained plastic defdrmationvin the 850C specimens allowed a rise in the
Mg temperature and a resultant'mixed room-temperature strucfure of athermal
d' and Y. The resistance to strain-induced transformétion'was leés for
the 850C spgcimens than for the 750C specimens due to the reduced plastic‘
deformation of fhe‘matrii, but the thermodynamic driving force was also
less due to the formation of the athermal o'. Tﬁué,'the o' formation raté :
for the 850C spécimens was iess than that fo: the 750C specimens. The
950C specimené exhibited a slight increase in both athermal o' and strain-

induced transformation rate, with respect to the 850C specimen —- as would be
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expected due to the decrease in retained plastic deformation decreasing the
Y matrix stability.

The 850C and 950C results (Figs. 25 and 26, respectively), show in-
creased yield Strength and Y stability and decreased elongation as carbon
content is increased. The exception to these geﬁeral conclusions is the
8~3 alloy at 850C. This alloy exhibits an uncharacteristica;ly high yield
strength due to the 38% a"present as-rolled.

4. Fe-6% Mn

Only three 6% Mn alloys were processed. The as-solution-treated
6-5 and 6-8 élloys were in the o+Y region, while the 6-10 alloy was in
the ¥y regionl These alloys were processed only at 850C and 950C; the
results are given in Figs. 27 and 28.

" The yield strength for both rolling temperaturésvwas-found to vary
in a similar manner as a function of carbon content. It first decregsed
as the carbon content increased, due to the decrease in as-rolled o'
g&ith increasiné carbon content; and then'increaséd, due to increased-
carbon clustering and/or preéipitation at Y dislocations, as ﬁhe carbon

content was further increased. The elongation of this alloy series was
N

consistently low.

5. Fe-Constant % C Alloys

The data given in the previous sections were replotted for this
section to yield chaﬁges in properties as a function of constant carbon
content and changing manganese content. The 750C rolling temperature
resulté are given in Figs. 29 and 30 and illustrate the effect of changing.
the émount of o' formed per unit strain and the problem of generalizing

alloying element effects.
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Fig. 30. Méchanical,properties for Mn-5 alloys rolled at 750°C.



’
-59- ©

[

The Mn—3.alloys illustrate the effect on elonga;ion of changing the
amount of o' formed per unit strain. The elongation increases as the average
amount of o' formed per unit strain décreaées (Fig. 31) because the in-
crease in Mn stabilizes the y. The ultimate strength for fhis alloy series
varies directly with the total amount of o' present at failure; thevdecrease
in yield strength as the 7 Mn increases 1s caused by the decrease in as-
rolled a'.

The Mn-5 élloy series also exhibits\increaéing elongation with decreasiﬁg
amount of a' formed per unit strain (Fig. 32; note change in formation rate
scale from Fig{ 31), but thé amount formed per unit strain needed to give.
high elongation is considerably below that of the Mn-3 alloy results. This
can be due eifher to the increased strengthening received per unit of 0.5%C

vd' due;to its increased carbon content, and/or to the formation of either
narrow stacking faults or €', both of which are favored by increasing Mn
content.(SO—SA) ‘The ultimate strengths for the Mn-5 alloys are not>related
to the percentage of o' present; in fact the ultimate strength inqreasés
as the percentage o' present at fracture decreases. This lends weight to
the aSSumpfion of the presence of €' as a second strain-hardening mechanism.

The as-rolled structure for all specimens is essentially retained Y.
and exhibits an increasing yield strength as the 7 Mn increasés. This in-
crease in strengﬁh can be explained as a combination of solid solution
hardening due to increasing Mn content and an increase in carbon clustering
or precipitation at Y matrix dislocations due to decreased randommess of
the carbon‘distribution as the processing temperature approaches the v to

¥C transformation temperature with increasing Mn content.
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The changes in yield strength with increasing Mn content in Figs. 31

and 32 illustrate the difficulty in generaliziné the effects of alloying

additions. Increasing Mn in the Mn-3 alloy series decreases the yield strength,

while increasing Mn in the Mn-5 alloy series increases the yield strength.
The mechanical properties for the alloys rolléd at 850C and 950C are
given in Figs. 33-39 at constant carbon concentrations.. The élloys exhibit
essentially the same characteristics as the 750C alloys. Elongation and
Y stabilit? increase as Mn percentage increases; yield strength first de-
creases with increased Mn content, as the percent a' present as-rolled de-
cre;ses, and then increases, as the effects of solid solution hardening and
cérbon distribution become dominant. The increased Yy stability to a o'
strain-induced transformation with increased Mﬁ content is illustrated in

Fig. 40 for the Mn-5 850C test specimens. Here the &' transformation rate

decreases for all alloys as the percent Mn is increased.

The effect of alloy content and transformation rate on uniform
elongation is illustrated in the coméarison of Mn-3 and Mn-5 alloys. The
corresponding rates of formation for the 10-3 alloy versus the 12-3 alloy
and for the 10-5 alloy versus the 12-5 alloy test'specimens do not yield
fhe same amount of uniform elongation (Fig. 41). The 10-3 tests have approx-
imately the same transformation rates as tﬁé 12-3 tests, but only half the
amount of uniform elongation. The 10-5 tests are found to exhibit greater
rates of transformation than the respective 12-5 tests, even at approxi-
mately the samefelongations. These discrepancies point out the.complicated
relationships between alloy content, Y matrix strength and stability, and
o' strength. Small alloy changes can have profound effects on the stress;
strain characteristics, as uniform elongation is a continuous battlevbe— :

tween too little transformation, resulting in insufficient work hardening‘
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to prevent necking,.and too much transformation, resulting in localized em-
brittlement and subsequent specimen failure.

The largerdifference in carbon content betweéﬁ the 10-3 and 12-3 alloys
(0.35 and 0.20% C, respectively) results in less of a decrease in Y stability
in going from 12 to 10 percent Mn than would be expected from the 2-percent
change in Mn. ‘This increase in C percent in the 10-3 alloy also leads to
an increase in o' strength, and a resultant greater amount of locali;ed
strain hardening. Thus, the same rate of formation in these alloys would
be expected ﬁo result in a decrease in uniform elongation in going from the
12-3 to 10-3 ailay, dué to too fast a work-hardening rate in the latter alloy.

The change due to the 2 percent Mn can be seen in the 12-5 and 10-5

alloys. Here the reduction in Mn reduces the stability of the Yy with respect

to an o' transformation and also decreases the strength of the Y ma-

trix (Fig. 30). Thus, the decrease in Mn allows a Higher rate of o' forma-

tion which is needed to yield the required rate of strain hardening, td

result in high elongation, to compensate for the reduced matrix strain hard-
(3)

ening component.

6. Mechanical Properties Summary

The mechanica{ property results for the 850C aﬁd 950C specimens were
than plotth as .a function of éhanging'carﬁon and changing Mn content (Figs.
42 and 43 respectively). Both the elongation and the yield strength values
were plotted on ﬁhe figures to allow easy determination of processing tem-
perature and alloy composition for a given set of mechanical properties.
The pre- and post-test percent ' are plotted in Figs. 44 and 45 for the
850C and 9SOC‘specimens using the same technique mentioned above. This
al%ows one to include magnetic' properties as an added alloying selection

property.
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The combined analysis of these figures illustrates the general findings
mentioned prévipusly in the preceding sections. Both carbon and manganese
.stabilize Y;_the‘yield,strength increases -as the pefcent as;rolled o
incréases (decregsing carbon ang/or.manganese content) and also as the car-
bon contentlintreases, with a minimum yield strength region where these
opposing effects‘overlap. The elongation increases as the percent manganese
or the rolling temperature increases; the yield strength &ecreases with in-

creasing temperature.

B. Warm—Rolled Alloys

The alloys investigated in this phase of the study were three 12 wt%

, Mn alloys; they were the 12-3, 12-5, and 12-8 alloys. This series of alloys

was used as it went from an alloy with a highly unstable Y matrix at';oom
temperature, 12-3, to an essentially completely stéble alloy, 12-8, based
on the hot-rdlling'results presented in the preceding éection..-

The standard processing procedure for TRIP steel is to hot roll to
rthe thickness.reduired to yield the desired final thickness through an .
80 percent reduction in thickness by warm rolling; the plate is then homo-
genized and quenched prior_to.warm rolling. It was fbund that none of the
alloys selected for this study could be warm rolled at 450C or below while
in the homogenized and quenched condition without exhibiting brittle frac-
ture during rolling at thickness reduction values weil below the desired
80 percent reduction; drastic reductions in uniform eldngation after warm
working has also Been reported for other Fe-Mn-C alloys close to the com-
positions of those used in this &ork.(so) The 12-3 alloy exhibited the

problem of transforming to o' during quenching and remaining martensitic
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at the warm-rolling temperature, as opposed to the reversion to and séabi-
lization of Y .found during hot‘rolling. Yet the results from the last éec—
tion indicate that these alloys hot roll without trouble and exhibit high-
elongations after rolling. |

Th? processing procedure was therefbre chénged for these alloys to
a pfocedure including a substantial thickness reductioﬁ by hot rolling
prior to warm rolling, without a re-homogenization.ﬁeat treatment as an
intermediate step. The hot rolling was done at 950C, which is in the stable
Y region for all alloys, and is also a rolling temperature at which all
alloys exhibited higﬁ elongations. This was done to assure structure refine-
ment without carbide precipitation for the high-carbon alloys. The pefcent

hot-rolling reduction used was larger than that needed to yield a room-

temperature ﬁetastable Y matrix for the 12-3 alloy. The specimens were
then warm rolled at 400C.

The 950C hot rolling was done to refine the large grain structure
present after homogenization. This processing tends to eliminate the
heterogeneous, low-density potential precipitatio?-site structure and
replace it with a high—density potential precipitation-site structure
conducive to.finely dispersed "homogeneous" precipitation.

The hot and warm rolling percent thickness reductions used for this
portion of the study were 75 and 30, respectively;_this resulted in a
total thickness reduction of 83 percent. The results of this series of
tests are shown in Fig. 46. It is evident that the yield sgfength rises
almost linearly with increasing carbon content while both the elongation

and percent o' formed during testing decrease. These results are compared

to the properties found as-hot-rolled in Fig. 47. It can be seen that the



-79-

'950C ke y -
400Ck—— QA+ y+C——
Structure at Rolling Temperature

300 ‘ ! ' ! . T
2 200} .
£
o
[ = . .
S |
< | , | _
0 00 - Ultimote
— Yield
1 : 1 I
0= -5 2-8
& 301  — — m
§, 4205 | \ -
“ o [ L T
& 12-3 12-5 12-8
100 T 1 T
Q .
= AN | = Post-test
§ _75 ——Pre-test
s 501 -
=
s 25 -
&
0 e — b .
12-3 2-5 128
Alloy o
XBL 7546113

Fig. 46. Mechanical propertiés for 12-C alloys rblled
at 950C+400C. . y



Strength, ksi

% oi- Mortensite

% Elongation

-80-

950C - Yy — >
400CH————— A+ Y+ Cusi
Structure ot Rolling Temperature

3001 T T T 1

N

100 Vs D
1 ' . — Ultimote ’
—Yield '

n
o
o
l
o

0 1 L] L
12-3 12-5 12—-8
30 (u) I T | E—
20} 3—0 .
l I |
O—p= 25 2-8
100 (J\\\xg T [ | l
75+ — Post -test -
— Pre-test
SO~ -
25&- -]
o °o—o ?.:e =0
C 1 1] 1
950 92OC SSO%EOC 95009500
+
400C =~ 400C _ 400C
Rolling Temperatures, C
12-3 12-5 12-8
Alloy 'XBL754-6114

Fig. 47. Mechanical properties for 12-C alloys rolled
at -950C and at 950C+400cC. :



o
.

.

L

g

o
o
<o
<o
i
£ £
S
&1

-81-

hot-rolled elongations exhibited by all three allbys-are high and essen-
tially the séme while the yield strengths again increase with carbon content
and the percent transformation to o' decreases. Thus, the elongation values
for the 12-3 alloy are essentially unaffected by the warm-rolling treatment
even though the yield strength ﬁore than doubles; the elongation values for
the other alloys are adversely affected by the warm-rolling treatment.

Three alloys exhibiting widely different as—hot~r§11edVStability were
included in the test program to determine the effect éf'subsequent warm
rolling on their y stability. The hot-rolling.results demonstrated that
plastic deforma;ion stabilized Y over transformation to o' when performed in
the single phase Y region where no carbide precipitation was expected. The
warm rolling was done at temperatures whefe precipitation was expected, and
ﬁhus carbide depletion by precipitation was expected,fo decrease Y sta-
bility and compete with the plastic deformation stabilizing effect.

The percent o' transformed during straining, af#éf warm rolling, was
found to decrease for all alloys, as compared to thé hot-rolled results
(Fig. 47). However, as the amount of elongation for the 12-5 and 12-8 warm-
rolled specimens also decreases, as compared to that for the respective
hot-rolled alloy, it is ﬁard to determine the relevance of their percént
decrease. Thé 12-3 alloy did not show a decrease in eloﬁgation, and also
exhibited a decrease in post-test percent of o' transférmed after warm
work. Thus, the composite results indicate that the stabilization of the
Y matrix by plastic deformation is the predominant effect.

The 12-3.a110y was the only warm-rolled alloy exhibiting'substantial
transformation to o' or high uniform elongation. The constant change in

alloy yield strength as a function of carbon content indicated that it did

’
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not exhibit premature yielding. From these preliminary results the 12-3
alloy was determined as the alloy to study in order to produce a high-
| strength TRIP steel.

The 12-3 alloy was then hot rolled at 750C to determine the effect of
a change in hot-rolling temperature prior té warm rolling at 400C. The
results are compared to those for the 950C pre-roll, along with the as-hot-
rolled results, in Fig. 48. It can be seen that the as-hot-rolled properties
are approximatély the same for both temperatures except for the slight
amount of a' present as-hot-rolled in the 950C specimen. This is
probably due to decarburization taking place during hot rolling, decreasing
the Y stability near the specimen surface. But thel7SOC—400C tensile
properties are.clearly superior to the 950C-400C ﬁroperties,_because of
the increase in yield strength with essentially no decrease in elongétion.
The 750C_1qw—temperature hot roll was, therefore,AuSed for the rest of
the study.

The effect of varying the 12-2 warm-rolling temperature after hot ~
rolling at 750C was studied next. lThe temperaturé was varied from 500C
down to 200C, where the alloy was fouﬁd.to exhibit a magnetic transfér—
mation after 30 percent warm reduction, as detefmined by a hand.magnet
after the specimen was quenched t6 room temperature; rolling was stopped
at this percent reduction for the 200C specimen. - The results of the
various treatments are shown in Fig. 49. The 200C warm-rolling results
are not applicable towards the development of a TRIP steel because the
as-processed sbecimens exhibited a magnetic transformation product, and
it was not poséible to determine the as-processed o' content because

the specimen thickness was too great to fit into the premeameter due to
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the terminatidh of the rolling process once the magnetic transformation
was detectedf. |

The specimens tested cofresponding to warm—rollipg temperatures
between 300 apd 500C all exhibited high yield stfengths and elongations.
‘Therefore,‘%hevwarm—rolling teéperature is not‘partiéularly critical
for this allﬁy—processing technique. The yield strehgth tends to
increase and.the eiongations decrease as ﬁhe warm-rolling teﬁperature
decreases. ‘The te;ts were run on specimens that had had a relatively
large amount of their 80-percent reduction in thickness performed by |
hot rolling, and were processed during Qarm rolling by an interrupted
rolling préceddre to allow determination of o' formation during processing.
The specimens were homogenizedvprior to low-temperature hot rolling; bup
not hot forged or hot rolled at a high temperature before homOgenizétion,

" which would have assured complete breakup of the as-cast structure prior’
to low-temﬁefatufe hot rolling, and which would be done in industriai
processing. The next series of tests was run to determine the change in
properties thfough approximating an industrially'practical rolling
schedule. The next figure (Fig. 50) presents these results.

Three sets 6f results are plotted in Fig. 50. fhe first éet consists
of the properties of the 750C hot-rolled and the interrupted 400C warm-
rolled specimgns reported above, ﬁith an initial hot-rolling thicknesé of
0.25 in.; the setond set. was givén essentially the same processing exéept
without the interrupted warm-rolling sequence. Thé third set of specimens
was homogenized at 1200C and quenched, hot upset forged at 1050C to 0.75 in.
thick, re—hompgenized at 1100C and then transferred to the hot-rolling-

furnace at 750C (both homogenization treatments were done to all specimens
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and were performed with the specimens doublebagged ip stainlesé steel foil,
as explained in the experimental section). The spécimens were then hot
rolled 66 peréent‘to 0.25", quenched, and further warm reduced 80 percent
in thickness at 400C. The resulting yield strengths are found to increase
considerably as the processing éﬁproaches that of a potential industrial
process with only a slight decrease in elongation. 'The last processing
procedure results in a TRIP steel capable of exhibiting_a yield strength
of 180ksi and an elongation of 20 percent. o

A furthéf study was carried out to determine the effect of replacing
warmfrollihg reduction with hot-rolling reduction. The results of this
are presented .in Fig. 51, The total reduction in thickness, based upon
the pré—hot-rolled thickness, was kept constant at 94 perceptg the amounts
of héteand warm-rolling reductions were varied as shown oﬁ'the‘figure.

It can be seen that the amount of reduction achieved by warm roiling can
be substantially reduced for a slight decrease in yield strength; this
type of processing optimization would greatly reduce the warm-roll wear,

and subsequently reduce production costs.
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IV, DISCUSSION OF RESULTS .
This section, as is the Experimental Results section, is broken down
into two sub-sections by proceséing procedure. The first sub-section con-

tains the'dis¢ussion of the hot-rolling results; the second contains the

“ discussion of the warm-rolling results.

A, Hot Rolled Alloys

The resul£§ of this section show that a low—cést, medium-strength
TRIP steel of 100ksi+ yield strength can readily be produced.. The
processing involves only low-temperature hot rolling (750C to 950C) and
thus eliminates the expensive warm-rolling process needed for high-strength
TRIP steels. This alloy-development is specifically aimed at thé majority
of -industrial applications of steel ﬁhich utilize low- and'medium—strength
steel,‘as'oépoéed to the specialized-use area covered by étaﬂdérd high-
strength TRIP steels. The vast majority of steel tonnagebuéed by induétry
is at yield-stréngth levels below 150ksi. In general industrial use, a
steel exhibiting a yield strength of 100ksi or greéfer wouid be called a
high—strength:st%el; a steel over 150ksi yield would be called an ultra-
high-strength steel, and.would be used only for very specialized éﬁplica—
tions.

The mechanical properties~of these alloys are éuperior to present ﬁot—
rolled allpys now used; typical hot-rolled alloys e%hibit yield stréngths
of 60ksi, approximately half that exhibited by some 6f these experimental

alloys, with the same elongations; these properties are also considerably

~above those found in work aimed toward developing modified hot rolling

(46 ,55-57)

procedures for this alloy system. The detailed study which varied

both composition and rolling temperature established that these alloys are
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relatively insensitive to slight variation of either parameter, thus show-
ing that consistent properties in industrial heats could be achieved even

'with the compdsitidn énd pfocessing variations iﬁherent in industrial fab-‘
rication procedures. .

The Y matrix of these alloys increases their desirability over conven-
tional mediuﬁ-strength o steels. It is expected that this type éf alioy
could be used fovsolve the embrittlement problems, found in the petroleum
and chemical-processing industry, that limit most steels used in these‘
applications ﬁo less than 100ksi yield strengths. The high-strength TRIP
steels have.been fdund.to be considerably more resistant to embrittlement
than standard o-matrix steels with comparable yield strengths, and require

(50-53) Because sus-

extremely*seQeré conditions to induce embrittlement.
ceptibili;y to émbrittlemenf is known to decrease as strength level de—
creases, these medium-strength alloys are‘predicted to be even more re-
sistant to embrittlement, and considerably more resistant than standard
steels of comparable strength level.

The experimentgl results reveal that some ofvthe hot-rolled medium-
strength steels tested remgin essehtially completely austenitic while ex-
hibiting high_elongation. The amount of transforﬁaﬁion to o' during test-
ing was found to vary considerably with alloy content; the low-carbon-
content alloys exhibited alﬁost complete transformation, while the high-
carbon content alloys exhibited alﬁost completely stablévy. This change
in transformation products takes place with almost no change in

. elongation and an increase in yield strength, if'the correct processing

parameters are used.
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Environmental embrittlement of-high-streﬁgtthRIP steel has been
found to take place only once a finite amount of o' has been formed by

plastic flow, and the same is expected of these mediumstrength TRIP steels.
Thus, this group of stable Y Fe-Mn-C alloys holds out the promise of
complete immunity to environmental embrittlement, although the corrosion

resistance and longtime carbide stability would have'to be investigated.

B. Warm-Rolled Alloys

The results of this section show that a low-cost, high-strength TRIP

 steel can be readily produced utilizing the Fe-Mn-C ternary alloy system;

the alloy compoéition ﬁséd in this study was Fe-12 wt% Mn-0.2 wt% C. This
-alloy was éble to attain a Y matrix yield strength of 180ksi even though
no strong carbide-forming alloy elements were present; the carbon content
of this.alloy was also lower than that usually‘used in TRIP steel alloys‘
(0.3wt%ZC). The 180ksi yield strength was accompanied by 20 percent uni-
form elongation.
The processing recommended for industrial pfpduction éf'the alloy
would be as follows:
1. Homogenize billet. .
2. Hot-forge and/or high-temperature hot roll billet.
3. 'Homogenize billet.
" 4, Cool billet to tempefatﬁre for low—tempefature hot rolling and
hot roll (750C and 70% or more reduction is recommended).
5. Quench to warm—rolliﬁg témberature or below.
’ i
6. Warm roll to final thickness (80% reduction in thickness
recommended) .
The inclusion of a low-temperature hot rolling sfep directly after high—

R [
temperature hot rolling and subsequent homogenization (done without an
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intermediate cooling to room temperature between hbﬁogenization and low-
tempefature hot rolling) is a major change from the standard TRIP steel
processing procedure.‘ |

This procedure was foumd to be necessary fdr_this alloy system due
to the need for a given amount of low-temperatureAhot rolling to yield a
room-temperature Y matrix for the 12~3 alloy. Bdt the author believes
that this type.of processing‘could well iﬁprove the properties of a
standard TRIP_steel alloy as well, and may present a way to overcome the
- current upper TRIP steel yield-strength ceiling.

TRIP steels exhibiting substantiél uniform elongation are currently
limited to yield-strength levels below 275 to 300ksi.(64’65) The results
of this section indicate tﬁo different ways to overcome this pfoblem.

The increase in TkIP steel yield strengfh has so fér beén achieved through
an increased carbon content, But the results of this section show that a
substantial increase in yield strength can be achieved simply through the
‘inclusion of a low-temperature hot-rolling treatment prior to warm rolling.
Thus it may be possible to increase the yield séréhgths of'présent TRIP
éteels by anvintermediate low-temperature hot-rolling treatment.

The pre-warm-rolling treatment is also found fo increase the deform-
ability during Varm'rolling'of high-carbon alloys. This is explained as
due to the formation of a refined'substructure-"-which would be expected
to exhibit uniformly fine homogeneously distributed poﬁential precipitation.
sites -~ while the steel is still in the Yy stability region. This eliminates
the possibility of formation of a network ofv precipitates, which may form
around the coarse grains found after a homogenization treatment, during the
- cooldown to room temperature, heatup to warm—:olling temperature, and the

first few reduction-in-thickness rolling passes. The author postulates that

»
”

1
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this same type of problem méy be affecting thé high-carbon standard TRIP
steel alloys. An initial heterogeneous precipitatidn network may be |
achieved before warm-rolling substructure refinement takes place, and the
network may not be completely broken up by subsequent warm rolliﬁg. Thus
a low-temperature hot rolling tréa;mentyimmediately after homogenization,
and prior to cooldown and warm rolling, would be expected to result in a
high-carbon TRIP steel with a yield strength over 300ksi and increased
elongation. .

The inclusion of a low-temperature hot-rolling step in the standard
TRIP steel processing also opens up the possibility of”decreasing produc-
tion costs, as mentioned in the presentation of the feéults for the last
figure. The high production costs of TRIP steel 'come mainly. from the
requirémgnt for large-capacity rolls for warm rolling,‘and theif subsequent
wear. The feasibility of substituting hot reduction for warm reduction
has been shown, and becomes e?en more attfactive if the prediction of
incfeased yield strength due to the inclusion of a low-temperature hot-roll-
ing step is true. By replacing present warmrolling reduction>by as much .
‘hot—rolling reduction as is,possible for a given yield strength, costs for
TRIP éteels now in production can be reduced.

This study was confined to.thé Fe-Mn-C ternary system to allow the
property changes at room temperature to be corréléted with éhanges in
the phase-stébility regions where the respective processing was carried
out. The low alloy content of the 12-3 alloy indicates that the effect on
phase stability from the addition of other alioying elements for special
purposes —— such as increasing the corrosion resistance by adding Cr, or the

yield strength by adding a strong carbide-forming element —- could be
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compensated for by an increase (or decrease) in manganese and/or carbon
content while still retaining a basically iron-based alloy.. Thus, the
results of this study indicate that a new family of iow—cost, high-strength
TRIP steel alloys, with tailor-made properties, bésed.on the Fe-Mn-~C ailoy

system is within the grasp of industry.
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V. CONCLUSIONS -

The results reported in .this thesis show that the Fe-Mn-C system can
be utilized for the production of low—cost TRIP steels which vary in yield
strength from 75 to 180ksi and exhiblt 20 percent uniform elongation.
These steel alloys contain 10-12 wt percent Mn and 0.2-1.0 wt percent C,
snd achieve>their high y-matrix yield strengths witheut'utili?ing strong .
carbide forners. The use of low-cost Mn and the lsck of high-cost strong
csrbide-forning elloying elements, and the lack of(high-eost Ni as a pfin—
cipalzalloying element (both currently used in TRIP steel), results in a
substantial reduction in raw material costs for this proposed TRIP steel
alloy system.

The production costs of both these TRIP steels and the present alloysv'
can be reduced below' those now encountered, through the inclusion of a low-
temperature hot—roiling step pfior to wsrm rolling. The hot-rolling tem-
peratnre used would be just into the given alloy's stable Y region, and
would be done directly after an austenitizing treatment without an inter-
mediete cobldown below the hot-rolling temperature. This extra processing
treatment is expected'to increase the resultant room—temperatufe yield
strength for a given alloy without loss of elongation, and thus decrease
the production cost for a steel of given yield strength b& decreasing the
amount of warm rolling needed to achieve the given yield strength; warm
rolling is a high—costvoperation in comparison to hot rolling!as it‘-
requires highefecapacity rolls and results in accelerated roll weart The

inclusion of the hot-rolling step into the standard TRIP steel processing
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procedure is copsidered a majof change in pfoduction processing that will
result in immediate processing benefits.

The hot rolling prior to warm rolling is also predicted to present
a way of inéreasing the yield strength of TRIP steels over the practical
limit of 275-300ksi now in existanée; TRIP steels with yield strengths.
over 300ksi have been produced but exhibit drastic reductions in uniform
elongation. As meqtioned aﬁove,.the inclusion of this additional.process—
ing step is expected to increase the yield strength withdut loss in elon-
gation of the TRIP steels now in production, if the final warm-rolling
reduction is kept constant. Thus, the inclusion of this additionélvpro—
cessing step may in itself accomplish the desiréd‘results.

The hot-rolling sfep was also found to increase the ease of defor-
mation of high-carbon-content alloys. ‘Thus, it is predicted that inclusion
of a hot-rolling step prior to warm rolling will increase the.elongations
exhibited by the 300ksi+ yield strength alloys which were mentioned above,
as these’stéels utilized increased carbon to increase their yield strength.
This assumes that the problem is mainly a carbide-precipitation problem
and not a y-stability problem; this is indicated by the results of this
;hesis.

Iﬁ was found that rolling jﬁst into the Y region increased the amount
of room-temperature metastable Y for low-carbon-content alloys and
increased the déformability-of high-carbon alloys. .Hot-rolled alloys
exhibiting elohgations over 157 required a minimum of 10 wtZ% Mn but véried
in carbon contént between 0.2 and 1 wt % cérbon, depending on the compo-

sition and processing. The composition of the high-strength TRIP steel
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developed in this study was Fe-12 wt 7 Mn-0.2 wt Z C,vbuf the author
predicts a whole family of high-strength TRIP steels cbuld be based on

this composition, including alléys with higher carbon content (with possi-
biy the addition of Cr or Si or a decrease in Mn to offset the change in

Y stability),‘to increase the yield strength above 180ksi. The possibility
of the developﬁent of a medium-strength austenitic steel exhibiting almost

complete stability with respect to a strain-induced phase transformation

using the Fe-Mn-C system was also demonstrated.

The high-elongation hot-rolled steels break down iﬁto_two alloy
families. - The low—carbon—confent alloys exhibit the ‘expected TRIP sfeel
stréin—induéed trénsformation to a'; the.high—carbon-content alloys
exhibit gecreasing amounts of transformation until an essentially stable Yy
matri; is reached. Thus, this reséarcb indicates that resistance to

environmental embrittlement can be improved through the development of low-

cost mediym-strength TRIP steel, and possibly eliminated by low-cost,

- completely austenitic medium-strength steels based on the Fe-Mn-C system.

The need for industrial alloys to withstand inéreasingly severe

environments and the economical desirability of increased yield strengths

‘results in the need for the development of new low-cost embrittlement-

resistant alloys. The results of this thesis indicate that, through the
correct thermal-mechanical ﬁrocessing, the Fe-Mn-C élloy system can be
uéed as a basis for a new series of low-cost TRIP sfeel and austenitic
alloys covering the entire strength spectrum currenﬁly required by
industry. Although this is one of the first steel alloy systems to be
investigated, increased understanding of the factors determining phase
stability continue to‘make it one of the most promising.
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