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.ON HIGH FRACTURE TOUGHNESS OF COARSE GRAINED
AISI 4130 STEEL

G. Y. Lai*

‘Recent studies by Wood, et al. 1bat the Uﬁiveréity of Califorhia

at. Berkeley have shown that the fracture toughness of AISI 4130 steel
can be greatly 1mproved through austen1t121ng at temperatures hlgher
-than those normally employed They observed that the plane straln
_'fracture toughness, KiC,-was increased from 55 ksi-ih.l/z'(GO.s MNVE/mZ)'
| when'auetehitized at 870;C and quenched in oil to789 ksi—in.llz
(98.MNJEYm2) when eustenitized at 1200°C and quenched'in oil, and futther'
to 99 ksi-in._l/2 (lO9_MN¢E/m2) when eustenitizeo at 1200°C and quenched
_in<iced'brine and refrigerated .in liquid nitrogen. However, the 0.27%
‘:yieldgetfength_obtgined after the three different austenitizing
‘treatmeuts'describedhabove remained unchanged at about 200 ksi
(1380.MN/m2). Wood, etcal. attributed this significant improvement_lh
fractute’toughoess wlth increasing austehitiziné‘temperature'(a conj |
comltant increaee‘in austenite grain size from ASTM 778 to ASTM Ofl)v,

to the elimination*of undesirable austenite decompoeitioh-products,

such as proeutectoid ferrite and upper bainlte, during quenching. -The ’
- as-quenched microetructure‘of this steel after austenitizing at 1200°C.
.eppeated to.be completely mattensitic Structutevwhen'examined with ah
optical microscope.' The extraordinarily high fracture toughness of:the .

~ as~quenched martensitic structure having such a coarse prior austenitic
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grain size prouptedthe author.to attehpt a-more.definitive charaeterization
of the‘microsrructure.

The AIST 4130 steel had the following chemical comp031t10n in wt7
0. 31 carbon, O 57 manganese, 0. 85 chromium, O 15 nlckel 0.18 molybdenpm,‘
0.28'3111con,40.21 copper, 0.009 sulfur and 0.008 phosphorous. The
-eﬁphaSis,in:this‘study.was on those specimens that werevausteoitised at

1200°C for 1 hr and_quehched in iced brine‘followed:by liquid nitrogen

refrigeration (1200°C IBQLN). TranSmission electroh.microscopvaas employed -

for microstructural_characterization. Thin foils for examination were

obtained directly from the fracture toughness specimens used in the previous

sinvestigation.l

| The results ofvthevpresenr;iuvestigation.confirmedvthe_previous
' eonCIuSionsvby Woou; et ai.l uiz,-rhat austenirizing_4130 steel”et |
1200°C‘snd quenching in iced brine virtually”eliminared rﬁe formation‘of_
such'uudesiraole.éusteuite decouposition producrs as proeutectoid
ferrire an uppervbainiter The:es-quenched structure‘beeauevvirtually
:a'mertensitie structure, as illustrated in‘Fig. 1.' This figure. shows
the marten31tic.structure extendlng to the prior austenlte graln boundary
area; which 1s.the most likely nucleation site for proeutectoid ferrite
and upper bainite. Both proeutectoid ferrite and upper'bainite were
. 6bserved et prior_austenite'grain boundaries in 4130 specimens con-. .
Venfiouaily_ﬁear:rreared,-viz,.austenirized arv870°C aou quenched in »

o"ill._',l TS
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Ihe'mofph01ogy of the mértenéite forméd_was aislocated laths; nbA
twinned martensite plateS'were observed. Several_investigators >
have suggested that the presence of twinned maftensite plates may be
'deleteriousvto'toughness; It was further 6B§érved that autotempering
héd océurred in the:as—quenched structure. The occurrence of auto-
ﬁempgting'in this steel was tﬁg result qf its-high Ms temperatqre—4350°cv
for the.speCimeh'austenitized at 1200°C, as determined by EriCSSOﬁ.4
Bo;ﬁ.peﬁentiﬁe-énd € cafﬁide'were formed within martensite laths as a
result of éutdtempering, as shown in Fig. 2. The_ebcarbide formed on
» v{lOO}a f§1anés énd”the.cementité on {llO}a.planes, in égreémenﬁ ﬁitﬁ
the pfévious investigatibns.z’s, No 1ath boundary'carbides were obsétved
in the gs-qqenched épecimens. The occurrence of autétemperiﬁg, whiéhv
vreéultgd.in‘a uniform dispersion‘ofveither €~cérbides'or éementites,'
fgrthér addéd:to the‘impfOVement in fracture toughness. ‘Similar'higﬁ
stréngth and toughness in as-quenched, autotemﬁered, Fe-5Mo-0.3C
martensife héve been repdrtéd. | | |

»Alsé observed in the as-quenched coarse—graiped structure was a
Significah£7am6ﬁnt of retained auétenite diéégrsed as films betwéen
ﬁarténsité‘iétﬁs, as-shéwn in Figs; 3 and 4. énalyéis of the diffragﬁion
pattern,.és illﬁstréted»in.Fig..B(b), shbwed the orientation’betwéén_ |
austeqitg-ahd mgrténsite éxﬁibiting the Kurdjumov—Sachs relationéhip,
.(;1;>J.(1;0>Y' Thg preSgnce of retained austenite films’Bgtwgen |
.martensitellaths in the‘édarse4grainéd structure has also Been reported:
in other low alloy s#eels-austeniﬁizédWat 120:0°C.2".3 It is known' that
”plasti¢ deforma£ioq is prdduced'iﬂ the surfoun&ing auéténité when

‘martensite forms and that this plastic deformatioﬁ_of austenite tends
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to sfabiiize_thé.aﬁs;enite‘and to make it more difficulﬁ to transfofm_
vﬁ¢ ﬁartensite;7  Thé observed retained austenite rémained'stablé e?én
.at.liqﬁid niﬁfogen fempératures——the as—quenched specimehé Ba&ihg been, .
'refrigeréted”in liquid nitrogen prior to examination by trahSmissién
_éleétronvmicréséopQ; | |
"“ Austénite'is_knoﬁn.to be a tough'phaée that.éan relax local stréss
qohcentf#tions.and‘deiay tﬁe initiation of microérackéj aiso.éustehite-
bfilﬁs caﬁ.effectively_arrést grdwing microcracks. The thin austenite
filmsicouid éffeétively limit the sizevof emissary.cracks in front of
‘the main crack. . | |
| It was”conciudéa fhat for high fracture tbughnéss at high sgtength
Viéveié,btﬁe forﬁagibn éf.both.broeutgptoid ferrite.And upper bainite
: Vhaé_f;'bétaQOidéd.l The desirable ﬁartensifié strﬁctﬁré'should céﬁéist
-of autbtemﬁéred dislocated lath martensite with retained austenite
;fiimslﬁetﬁeen thé laths.’ |
| * ACKNOWLEDGEMENTS
'.'Tﬁe éuthot wishes~£p express his gra;ifﬁde.tﬁlProfessor E. R. farker
"n-éﬁd’Pfoféésor v. E.'Zackéy for their c;itical review of‘the»manuécript
aﬁd'fér,theif ébnfinued suppbrt during £his ipvestigation.
| ‘This'regearChvwas péffofmed partially under the auspicgs.qf thev’
_U-'S. Atomic>Energy Commission thfough the Inorganic Materials Research
 -Divisibn bf the'Léﬁrence.Berkéley Laboratory, Confr;Ct NQ; W—4765—ené—48
and paftially uﬁdér the auspices of ﬁhe Army Matérials and Mechaniqs‘ U

”.Research Cénter, Watertown, Ma., Contract No. DAAG46-73~C-0120 .

-




1.

s

REFERENCES

Berkeley Laboratory, Unive

May 1973.

. G. Y. Lai, W. E. Wood, E.

Lawrence Berkeley . Laborato
Ca11fornia, 1973

J A McMahon and G Thoma

vp. 180, Institute of Metal

. C. E. Ericsson: M. S. The

University of Californla,

. E. Tekin and P. M Kelly:

"AIME, New York 1965.

V F. Zackay, E. R. Parker

Phys. Sc1., 1973,,v01. 236,

P. M. Kelly and J. Nutting

p 199

'W, E. Wood, E. R. Parker and V. F. Zackay: LBL-1474; Lawrence

rsity of California, Berkeley, California,

R.. Parker and V. F. Zackay, LBL-2236,

ry, University of California, Berkeley,

s Microstructure‘and Design of Alloys,
s, London, 1973 . |
sis, LBL—2279 Lawrence Berkeley Laboratory,
Berkeley, California, December 1973.

Precipitation from Iron-Base Alloys; P. 173,

» R. D. Goolsby and W. E. Wood Nature
p. 108.

J. Iron Steel Inst.,>196l; vol. 197,



Fig. 1.

Fig. 2.

Fig. 3.

" Fig. 4.
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FIGURE CAPTIONS

Transmission electron micrograph of the as-quenched specimen

‘austenitized at 1200°C (IBQLN) showing'marténSitic structure.

The morpholqu of martensite is dislocated léth martemnsite.

The pfior austenite grain boundary is marked GB.

Transmission”electron micrographs of the as-quenched specimen

austenitized at 1200°C (IBQLN) shoWingvautdtempered martensite . -

with'(é)'and {(b) both € carbide and cementite, and (c) a

Widmanstatten pattern of cementite.

 As-quenched lath martensite in the specimen austenitized at

1200°C (IBQLN)f (a) bright field micrograph showing films'of o

'retaihediaﬁstenite (Y) between laths, (b) selected area diffraction

béttérn'éhowing both austenite and martensite reflections ({110}

austenite reflections are illustrated by solid lines,  (111)

» martensite reflections by broken lines).

-Transmission electron micrographs of the -as-quenched specimen -

austenitized ét l200°C'(IBQLN) showing films of retained

‘raustenite between martensite laths: (a) brightufield image,

- and (b) dark field image of austenite reflection showing reversal

contrast of retained austenite films.
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