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ABSTRACT

Strength, fracture toughness and stress corrosion cracking threshold of
tempered martensitic silicon-manganese steels were analysed in relation
to local failure mechanisms after high temperature thermomechanical
treatment (HTMT) and conventional treatment (CT). In order to investigate
the role of minor impurities two material qualities containing different
amounts of minor impurities are compared. The results indicat=s that the
fracture toughness K at constant strength level is markedly enhanced

by the HTMT applied and also by decreasing the level of minor impuri-
ties., In comparison with these effects on K the influence of HTHT on
the stress corrosion cracking threshold KISCC is far less pronounced.

An influence of the decreased impurity content on Kiqne did not
appear. It is concluded that the HTMT suppresses the “““enrichment
of detrimental impurities at the austenite grain boundaries with the
consequence of transcrystalline plastic fracture at unstable crack growth
in the materials of commercial purity. However, this purification of
grain boundaries by HTMT produces no marked effect on the stress cor-
rosion cracking behaviour because of the cooperative action of hydrogen
and detrimental impurities, which yield intercrystalline brittle frac-
ture,
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INTRODUCTION
Primary recrystallization of prior austenite in low tempered low alloy
martensitic steels during HTMT may yield intercrystalline brittle frac-

ture during unstable crack growth with relatively low fracture toughness
Kice This was observed on a 0,5%C~1,5%51i~0,7%Mn~ and a 0,55 =17%Cr=0,17V=
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steel (Zouhar jr., 1979, 1981). It was suggested, that critical enrich=-
ments of detrimental impurities at the austenite grain boundaries appear
by nonequilibrium segregation during primary recrystallization (Wieting,
1976, 1979; Beyer, 1981). If this enrichment is transmitted to the mar-
tensite during quenching it decreases the cohesion of the prior austenite
grain boundaries, Furthermore from the results on the 0,5 C=1Lr=0,1V=-
steel it was concluded, that lattice defects introduced in the stable
austenite by comparatively small amounts of plastic deformation during
the last pass at HTMT without initiation of primary recrystallization
increase the matrix solubility, and some purification of the grain boun=
dary results. This is connected with transcrystalline plastic fracture
and results in an increased fracture toughness, KIC’ as well as an in-
creased stress corrosion cracking threshold, KISCC’ (Zouhar jr. and co-
workers, 1981). Investigations as to what extent this purifi-
cation mechanism by HTMT may be applied also to low alloy Si-lMn-steels
are not known. In this paper resulis about the influence of HTKT and CT
on strength, toughness and stress corrosion cracking behaviour of high
strength martensitic Si-ln-steels are presentcd. In order *o elucidate
effects of minor impurities on the fracture toughness and the stress cor=—
rosion cracking threshold two steel qualities with different vurity le-
vels are examined.

EXPERIMENT

The chemical composition of the Si-kn-steels used in this investigation
is shown in Table 1. The abbreviaiion CP stands for the arc-melted ma=
terial of commercial purity.

=3

ARLE 1 Chemical Composition of the Si-Mn=Steels (m=5)

No., Material C Si Mn P S Cr Cu Ii

65SiMn? (CP)
65SiMn5 (CP)

0,59 1,62 0,73 0,074 0,025 0,18 = -

0,56 1,10
50SiMn? (CP) 0,47 1,
n " O' 50 1 ’
0,42 1,

( 1,19 0,021 0,036 0,01 = -
84 0,68 0,020 0,034 0,12 - -
s4 0,68 0,026 0,040 C,13 0,17 0,08
iy 0,71 0,005 0,006 0,03 0,02 0,C4

UVl Fwna

n (HP)

= not determined

The HP=-qguality was melted in a ‘10kg-vacuum induction furnace from high=-
purity base materials.

Rolled billets of 38 mm diameter (materials lo. 1,2,3) were rolled down
on a HTNT-experimental rolling mill (Schmitt and co-workers, 1976) in
thirteen passes (austenitizing temperature s 1250 C, finish-rolling,tem-
peraturess 850°C) to rods with an oval sectional area of about 50 mm" for
prestresscd concrete. The reduction of cross sectional crea in the last
two passes amounted to about 10¢., Immediately after rolling the material
was quenched in water, followed by an inductive shock tempering treat-
ment at differecnt temperatures betveen 450 o 615°¢ (time of tempering
about 2 s ) to get different strergth levels. further details on the de-
formation-temperature-time-regime of HTMT aprlied to materizls No. 1, 2
and 3 are given elsewhere (Zouhar and co-workers, 1383), The conventio-
nal heat treatment was carried oui by austenitizing at »hout 855°C, fol=
lowed by oil quenching and bath arnealing «t 300, 400 and 480°C to ob-

oty A48

riied te ma

arent ctreneth levels, Detelils of the (1 srg CT=reyimes ap=—
rials No, 4 &

scrihed In another paver (Zouker ir,
and co=workaers, 1779}, The C7 wore carried out on flat rods.
Trese rods were temvered at for 1 Lr, after quenchirg from finish-
relling ‘emperature (HTHT) and nnstenitizing temperature (CT).

he specimens for tensile tests were rrepared with their axes rcarallel

to the rolling direction., The orientation of the fatigue vrecrack for
the fracture mechanics SEN bending svecimens was at right anzles both to
rolling direction and nlane, The threshold for stress corrcsion cracking
KT”CC was measured in a ssturated Ca{0ll), + CaS0,=solution (p, = 12,3).
Detiils of the test method are rublishei“elsewhere (Zickemeyer and co-
jorkers, 1974), All tests were conducted at room tenperature,

RESULTS AlD DISCUSSION

Figpure 1 illustrates the fracture toughness-yield stress and, the stress
corrosion cracking threshold-yield stress relations for the CP-materials
~0SiMn7, 658ilin% and 655iln7, resulting from HTMT and CT,
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Fig. 1. Fracture toughness K, and Fig. 3. Fracture toughness K
stress corrosion cragking and stress corrosion
threshold K dependence cracking threshold K

. &SCC I§ c
on the yiel stress R 0.2 dependence on the yie g
for different Si-line- PY stress R > for 50SiMn7-
steels after HTMT and CT. steel ofP“?“different

Numbers 2.1, to 2.4 are re-
lated to scanning electron
micrographs in Fige. 2.

purity after HTMT and CT,
Dashed symbols from Fig. 1.
HP = high purity

CP - commercial purity.
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Fig. 2. Scanning electron micrographs of 65Sitin5=steel after K .- and
K - testinge 2471e= K. /HTMT; 2,2.- K /HTMT; 2.,3.="K_./CT;
2f§9°_ KISCC/CT° Numbers are related toISCC Fige 1. ©

If the yielg stress R 0.2 is increased by 35% with reference to R 0.2
= 1400 MNm the PY< fracture toughness is lowered by nearly’

2% zfter HTMT, however by about €0% after CT. The HTMT applied enhances
the fracture toughress by 100% with resrect to the fracture toughnegs
after CT at the same yield stress in the range of 1€00 to 1900 MR
This effect is connected with a change from intercrystalline brittle
fracture after CT to transcrystalline plastic fracture after HTHT., Fi-
gures 2.1, and 2.3. give an cxamrle of this change in fracture mechanism
Auring unstable crack grgwth for the material 65SiMn5 at constant vigld
stress R 0.2 = 1900 MNm ., At a lower yield stress R 0.2 = 1450 MNnm
HTMT hasp '“no effect on fracture toughness with p *“respect to CT.
In this case transcrystalline plastic fracture appeared after HTHT as
well as CT,

Furthermore, Fig. 1 shows that tle HTHMT also affects the siress corrosion |
cracking threshold KISCC’ However, this effect is observed only at high |
yield stresses and is very low in comparison with the influence of

HTMT on the fracture toughness. The KIqCC—values are enhanced oy 2bout

3¢ in consequence of {TMT compared - Eg the KI?CC-values after ©T

at yield stresses R_. , = 1800 to 1200 iim 7, This o rasult correge i
ponds with the Y qifferent fracture behaviour after ! and CT

during suberitical crack growth. Whereas nixzdq fracture mode vnrevails
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after HATHT (Fige. 2.2.), a pronounced intercrystalline brittle fracture
with very small plastic areas predominates after CT (Fige 2ebe)e

7igure 3 shows the fracture toughness KIC and strecs corrosion craclking
threshold X.. in relation to the vield stress R - for the
steel EOSi}ﬁ?CCwith hich and commercial purity after pO'CTTHT and CT,
ifter CT the HP- material indicates an increased fracture toughness in
comparison with the K_.,- values of the CP- material, The HP- material
shows transcrystallingé plasiic fracture, The fracture tourhness— yield
stress relations of the [P= material after HTHT fit in tke corresvonding
X - dienendence of the CP- materials (Fige 1e)e Independent of
H th

bty and CT an i
stress corrosion crac

flucnce ot the decreas
g thnres

d impurity content on

baerved.

cld is rot o

sbove results reveal that the ETMT controls the cchesion of the prior
austenite ;rair boundsries in high strength martensitic low-alloy Si=ln=-

~teels. Grain refirement and/or rolygonized dislocation substructures

levalonad in stavle austenite during contrcl the kinetics of the

rtensiti ~ansforrmation and the accommodation processes during the

transformetion in such a way that resulis a fine dispersed martensite

hon vely distributed and creased local stresses and strains

wderlich and co-worlers, 1° ; Zouhar and co-workers, 1783; Zouhar,

‘hece factors are not very likely as reasons for the cbserved in-
5!

o

.
crease in rracture toughtness and stress corrosion cracking old by
the ad HTHT. Polyzonized dislocation zuobstructures 2are not expected in

the hot rolled condition of the steel for prestressed concrete (Zouhar
and co-workers, 1933), and nearly the same rrior austenite grain size is
observed after HTMT and CT. Therefore it has to be suggected that the
different fracture behaviour of the Si-in- steels with cormmercial purity
after HTHUT and CT is caused by different enrichments of detrimental mi-
nor imrpurities at the grain boundaries in the stable austenite.

Tt well xnown that criticel enrichments of minor impuritics may be
nroduced at auctenite grain boundaries by equilibrium and nonequiliorium
serrezation. Figure 4 shows these mechanisms cchematically. If such cri=-
tical enrichments are transmitted to the martensite during gquenching
they dzcreare the cohesion of the prior austenite orain boundaries. The
comneratively low temoerature of austenitization =zt CT supports the de-
velooment of critical enrichments at the austenite grain bonndaries of
the CP- materials by equilibrium cegre~ation vith the consequence ¢f in-

tercrsstalline brittle fracture at unztable crack growth (Fig. Za3ele

It is exrected, :hat for corditions examined
titutiennl elements like vhosphorus
i terictinn th corver (Wieting, 197") are of concern. Zulnhur
shiould be bhound to arsse, v decreacing the conibent of minor !
the ¥..- values =zre increcased for the CT condition (Fige 3y

terial) ““and tronscrystalline ic f[» obsarv

“ith resnpect to the tallizetion is i
fluenczd by the arnlied roll v that the enrich-
ment by zegregatl is 3 the 2zrain bound

rrain bourdary segrogations
hart and co-workrrs, 19873)

Ne=

1

nire : introdvecal by the comparatively
1ow level of stic d nation ied during the last passes are cer-

tainly not efficient with respect te recrystallization, but increase the
matrix solubility (Pichard and co-workers, 1975; Wieting, 1979), and some
purification of the grain boundaries rezults along with transcrystalline
vlantic fracture, 7o Zel.), And markedly enhanced fracture %ourhness
iz vurification mechanism by HOUT zypezrs as a heneficial
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:n.ar,-" and co=werkers, 1:76G), Thece elamenis

add

a cerparatively strong interaction bet-
has ta

‘ncreases

be token into sccount (Guttmnnn,
the =olubility of

(Gzczepanskl, 1963). In this way manganese and silicon may suwnrort the

lm;vn:" itics to 1

“irneen ‘nduced Sracture by ecressing the critical contents of rinor
or levels with respect to h,,. .~e This was vproved by re=
PAVY

’

roval of manganese and silicon from a low alloy- steel (Banerji,

s not ~ufiiciently to influence
variation of tre phosniorus and sulnhur contents, re
: Fiporm in an AT51 43
andoz, 1 Q?’l). Tn corarison wi
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1978), Thercbky the stress corrosion cracking threshold Y‘I scc _vas
creased five- to sixfold, =zlthough the <tael contained it (O
phosphorus and 320 pm sulphur, Therefore an increace of the ccn”
values of the used Si-}n= steels vrobably reguires such decre 8d con
,cﬂta of minor imnurities, vhich are scarcoly of interest nn technical

CONCLUS

1., The fracture touchress of low=-allov martensitic Si may be
increased by about 100% at nearly the same streneth 1 with
rocpect to fracture touchness after CT, A reduction o mi=
nor imruriiies also enhances

2o Tn comparison with these efflects influerce of the
stress correcion cracking thresihold is far less 'ﬂronou"cnd. Ar in-
fluence of the decres=zed imgurity content on KTAJCC did not aprear.

3., It is concluded that the YTMT applied suppresses the en
detrimental minor imrurities at the austenite grain tounda
consequence of transcrystalline pnlastic fraciure during un
growth in the Si-ir-— steels wi*h c ercial nuriiy.
wechanicm by HTMT appears as a teneficial way to conitrol
effects of minor impuritiec on the fracture recistance of
1ow nlloy Si=kn- steels curing unctable crack crowth,

L, owever, this rarification of grain boundesries by H7THT Droiuc S no
marved effect on the condition of stress corrosion cracking becazuse of
the coorerative action of hydrogen and detrimental inpurities, wh C"
vield intercrystalline brit*tle fracture. ianganese and silicen should
erhance the sansitivity of this type of steel to hydrogen induced frac-
ture by decreasing the critical contents of mincr impurities to very

low levels with respect to the initiation of stable crack growth (KI Cﬁ).
Therefore an increase of the K el values of the Si-iin- steels ')rc—‘
bably resuires such low conten%s “of minor impurities, which are scar-
celv of interest on technical conditions.
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