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The effect of hydrogen on the bainite
transformation

H. K. YALCI*,D. V. EDMONDS¥
Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, UK

The effect of hydrogen on the upper bainite transformation in two silicon containing steels
has been investigated. For comparison, isothermal transformation at the same temperature
has also been performed in a helium atmosphere. In both Fe-0.2C-3Mn-2Si and
Fe-0.4C-4Ni-2Si (nominal wt %) alloys it was discovered that the bainite reaction proceeds
further towards completion when the transformation is carried out in a hydrogen
atmosphere. This can result in the reduction or elimination of the martensite phase which
forms from residual austenite upon quenching to room temperature. The resultant
microstructure of specimens heat treated in hydrogen was a fine aggregate of upper
bainitic ferrite and interlath retained austenite. This effect is discussed in terms of hydrogen
interactions in the lattice undergoing bainite transformation via a displacive mechanism.
Additionally, it is found that the stability of the retained austenite in the final bainitic
microstructure is not markedly influenced by hydrogen. © 17999 Kluwer Academic
Publishers

1. Introduction cooling to room temperature. The presence of marten-
The influence of hydrogen in metals has been a topisite packets in the microstructure leads to low tensile
worthy of examination for many years, principally be- ductility [10] and fracture toughness [11]. Greater sus-
cause its many effects have been detrimental; for exeeptibility to hydrogen-induced cracking [1-4] would
ample, hydrogen embrittlement or hydrogen crackingalso follow. Elimination or restriction of martensite
[1-4]. However, in a few instances, hydrogen has beeshould improve the toughness of the microstructure and
proven to have a beneficial effect. One such exampldf effected by the presence of hydrogen could arguably
found relatively recently, is its potential use atean- make such microstructures less susceptible to the em-
porary alloying element in titanium alloys, allowing a brittling effect of hydrogen. Additionally, the stability,
reduction in mechanical working or processing temper<ither thermal or mechanical, of the retained austen-
ature, and resulting in an improved microstructure [e.gite, if influenced by hydrogen, could have an effect on
5, 6]. (The hydrogen is described as temporary becausghether these regions of retained austenite can subse-
it is removed from the solid alloy after the desired pro-quently form a brittle martensite.
cessing steps are complete.) This procedure has been
referred to ashermochemical processinghe present
paper identifies similar behaviour in steels through the2. Experimental procedure
effect of hydrogen on the progress of the bainite transThe chemical compositions of the steels used are given
formation during heat treatment, and an explanationn Table I. The steels were supplied in the form of 12 mm
for this can be developed from the premise that the baidiameter rod.
nite reaction is displacive in character. In steels where Alloying of the steels with hydrogen was achieved
austenite is retained following the bainite transforma-by placing samples in a sealed stainless steel cham-
tion, the effect of hydrogen on the stability of this re- ber with a vacuum and gas-inlet facility, located on a
tained austenite is also of interest. trolley. Prior to treatment the chamber was evacuated
For the purpose of this study two experimental Si-and purged three times with helium at 50 atm. pres-
containing steels were used for which the bainiticsure. After reevacuation the chamber was inserted into
microstructures and mechanical properties have been furnace at 920C for 30 min to austenitize the sam-
previously documented [7-11]. In the upper bainiteples, whilst simultaneously introducing 2 atm. of “O
transformation region the presence of Si suppresses tlgrade” hydrogen into the chamber to bring about their
formation of cementite and leads to the retention of arhydrogenation. Specimen temperature inside the cham-
austenite phase which depending upon its carbon corber was measured accurately via chromel-alumel ther-
tent and morphology can transform to martensite ormocouples spot-welded to the samples. The chamber
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TABLE | Chemical compositions of the experimental steels The influence of hydrogen onthe stability of retained

austenite was evaluated by cathodically charging with
hydrogen. This was carried out electrolytically in 0.1 M
3.00 2.10 0.002 0.0016 Balance H»SOy solution poisoned with 250 mg A®3 in or-

Material C Ni Mn Si S P Fe

Mn-containing 0.20 —

alloy der to prevent recombination to the molecular form
N"C”‘)ma'”'”g 040 409 — 199 0.002 0.0015 Balance of gdsorbed hydrogen atoms on the surface. The elec-
alloy

trolyte was purged with nitrogen gas for 120 min be-
fore hydrogen charging in order to reduce the oxygen
content. A platinum counter electrode was used as a

was then removed from the furnace and cooled in &athode. The hydrogen charging current was typically
water spray for 60 s before re-inserting it into a second-0 MACnT“ applied for 300 s and the solution was
furnace at 390C to allow isothermal transformation for held at80°C. Specimens were previously degreased in
60 min. Following this heat treatment the chamber wagdfichloroethane and chemically cleanedliM H,SO;.
removed and cooled by water spray for 100 s. Typical 1he effect of hydrogen on mechanical stability was
cooling curves of the specimens from the austenitiza@/S0 évaluated by measuring the change in austenite
tion temperature, and from the isothermal transformaVolume fraction after 2% nominal plastic strain. In or-
tion temperature, are given in Fig. 1. der to prevent hydrogen escape from specimens during
In order to identify the effect of hydrogen on the tensile testing, hydrogen-charged specimens were cad-
isothermal transformation the same heat treatmerfium coated for 20 min in an ammonium fluoborate
was also carried out under 2 atm. pressure of heliun§olution consisting of 60 gf ammonium tetrafluobo-
for comparison. Helium was chosen as a comparativéate in distilled water to which 0.5 gt sugar was added
atmosphere because of its inert nature and also t§ actas abrightener, held at4D. Room-temperature
eliminate any effect due to differences in thermal con-{€nsile tests were carried out on Hounsfield-type spec-
ductivities of the gases on cooling and transformatiof™MeNSs in an Instron tensile machine at a nominal strain

. L 5¢-1 itati i
behaviour. The thermal conductivities of hydrogen and'ate of 8.33.10°s™". Quantitative X-ray analysis tech-
helium are very similar to each other, 168404  Niques were used to determine the retained austenite

Wm~—1K -1 for hydrogen and 141& 10-4 Wwm~1K-1  content. A Philips PW1710 diffractometer was used at

for helium.
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Figure 1 Cooling curves of specimens isothermally transformed in hy- |
drogen or helium atmospheres: (a) cooling from the austenitization tem-
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40 kV and 30 mA, with Fe-filtered Co-{fnharadiation

and a graphite monochromator. The retained austenite
content was calculated from the integrated intensities

of a minimum of three austenite and three ferrite peaks

with separation techniques where necessary, and the
effect of texture was taken into account in accordance

with the work of Dickson [12].

Specimens for light microscopy were prepared by
mechanical polishing to 1/4 um diamond paste followed
by etching in 2.5% nital solution. Thin foil specimens
for transmission electron microscopy were prepared
from 0.3 mm thick discs slit from 3 mm diameter rod
by first mechanically polishing to approximately 75 um
and then electropolishing in a Fischione twinjet unit us-
ing a standard chromium trioxide—acetic acid solution
of 75 g CrQ;, 400 ml CHCOOH and 21 ml distilled
water. The voltage employed was in the range 35-45 V
and the temperature 8—-1C. Foils were stored under
vacuum and examined in a Philips CM20 electron mi-
croscope operated at 200 kV.

3. Results

The microstructures observed in the light microscope
for both alloys isothermally transformed in hydrogen
or helium atmospheres are shown in Fig. 2. Transmis-
sion electron microscopy revealed a structure consist-
ing of sheaves of ferrite laths, with interlath films of
retained austenite, but devoid of carbides owing to the
effect of the silicon addition. This structure is shown in
Fig. 3 for both alloys after conventional heat treatment
and is typical of the upper bainite formed in these al-
oys [7—11, 13-18]. The thin interlath films of austenite

perature, and (b) cooling from the isothermal transformation tempera@/€ more wavy in the Ni-containing alloys, whilst the

ture.
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bainite in the Mn-containing alloy is more similar to
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Figure 2 Light micrographs after isothermal transformation at 38Gor 60 min in (a) He and (b) H[Mn-containing alloy], and (c) He and (d)H
[Ni-containing alloy].

(@) (b)

Figure 3 Bright- and drak-field transmission electron micrographs of the bainitic microstructure after isothermal transformatié€d6886 min:
(a) Mn-containing alloy, and (b) Ni-containing alloy.
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Figure 4 Bright- and dark-field transmission electron micrographs of
the bainitic microstructure after isothermal transformation at’&for
60 min and tempering at 50 for 60 min [Ni-containing alloy].

lath martensite. These thin austenite films have previ-. . . .
.Figure 5 Transmission electron micrographs of the Mn-containing alloy
ously been shown to be both thermally and mechani-

. " isothermally transformed at 39C in (a) He, and (b) bl
cally stable [7—11], but they can decompose into ferrite
and carbide after prolonged high-temperature anneal-

Ing treatments (F|g._ 4). formation in the hydrogen atmosphere, consistent with
The bainite reaction appeared to be less complete ithe refined microstructure

boltqh al!(?ys afttjr tlr(ansfo_rmatl?n mldthel heIu:m_tatmo- Dataindicating the influence of hydrogen on the ther-
Sphere; large blocky regions ofresidual austenite Werg, 5 5,q mechanical stability of retained austenite are

observed, and in many cases these had subsequen Xrenin Tables 1l and IV, for the Mn- and Ni-containing

decomposed to a high-carbon twinned martensite o lloys, respectively. These show the percentage volume

cooling to room temperature (Fig. 5a). These COarS§ action of retained austenite before and after hydro-

uns‘gable_z regions of austenite were absent aftertr_ansfo jenation of heat treated specimens, and after 2% nom-
mation in the hydrogen atmosphere under equivale

Mhal tensile straining of specimens before and after hy-

conditions (Fig. 5b). Additional]y, the bainitic ferrite drogenation. This level of strain does appear to reduce
Iath_strgcture' appeared much finer than after tra'n.sfort-he amount of retained austenite significantly; percent-
mation in helium. In the hydrogenated Mn-containing

, 0 )
alloy the bainitic ferrite lath width was reduced from age reductions upto 75%are determined from Tables i

0.31£+0.06 um in helium to 0214 0.09 m in hydro-
gen. fB.Oth the effect on furtge.r rea.CtI%n aNnd the eﬁ.eCtI'ABLE Il Effect of hydrogen on the thermal and mechanical stabil-
on refinement were more obvious in the ) l'c,ontammgity of retained austenite in the Mn-containing alloy

alloy. Hardness measurements (Table Il) indicated that

the alloys possessed higher hardness values after trarfé‘?”Sfortma“O” Retained austenite content (%)
emperature
(°C) Uncharged Hicharged 2% strain #H 2% strain
d | f th . ! all isoth I 250 10.73 10.43 6.95 6.68
TABfLE I|d Ha?’rg&?;s (;/%ues of tl (_e experimental alloys isothermal Y 575 10.95 10.86 7.85 715
transformed at in different environments 300 13.25 13.95 8.36 924
Alloy Mn-containing alloy Ni-containing alloy 325 11.70 10.65 11.76 9.81
350 12.96 13.91 5.39 5.88
Environment Helium Hydrogen Helium Hydrogen 375 15.51 16.70 3.99 9.49(
400 17.24 16.89 4.20 9.69(
HV30 367 409 364 383

(*) : Fracture occurred before 2% strain.
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TABLE IV Effect of hydrogen on the thermal and mechanical stabil- 500

ity of retained austenite in the Ni-containing alloy
Transformation Retained austenite content (%) “0
temperature
(°C) Uncharged K charged 2% strain 4+ 2% strain L0 1
s
250 10.49 9.87 4.23 4.86 - 380}~ -1
275 9.66 9.75 5.83 5.76 5
300 10.51 10.45 6.35 6.15 g 340|- n
325 11.28 10.95 9.10 8.26 €
350 14.66 14.45 8.39 8.88 = 30| ]
375 20.51 22.16 11.41 10.81
400 20.64 21.35 12.65 12.05
W0 | -

002 003 004 005 006
Mole Fraction of Carbon

A: Fe-4-08Ni-2-05Si; B: Fe-3-00Mn-2-02Si

Figure 7 T, curves for compositions close to the two experimental steels
(after [8]).

regions is lower and consequently they are stabilized
less and often transform to martensite upon cooling to
room temperature. In contrast, the thin interlath films

of austenite are likely to be more effectively stabilized

by a higher carbon content and their refined size.

The calculated § temperatures of Fe-3Mn-2Si-C
Figure 6 Transmission electron micrograph of the bainitic structure and Fe-4Ni-2Si-C alloys are sh_own in F'Q- 7, taken
formed by isothermal transformation at 35 for 60 min in the Ni-  from [8]. The T, temperature defined here is the tem-
containing alloy after 2% tensile strain. perature at which the free energies of austenite and

‘supersaturated’ bainitic ferrite phases are equal for a
given carbon content. The Turves of Fig. 7 vary only
and 1V. Fig. 6 shows the bainitic microstructure after as a function of the substitutional alloying element con-
strain, and distortion of the thin films of retained austen+ent and are unaffected by the carbon content of the al-
ite is apparent. However, hydrogen appears to have nigy. However, they indicate the amount of carbon which
significant effect on the amount of retained austeniteresidual austenite can tolerate at a particular isother-
either before or after strain. mal transformation temperature before the bainite re-
action, via a displacive mechanism, becomes impossi-
ble. Thus it can immediately be seen that the austenite
4. Discussion in the Ni-containing alloy can tolerate more carbon be-
The metallographic results show that the bainite refore bainitic ferrite formation must cease, thus increas-
action goes further towards completion and the mi-ing the extent of the bainite reaction at any isothermal
crostructure becomes finer when the isothermal trangransformation temperature, and this is consistent with
formation is carried out under hydrogen. This apparenthe experimental observations of the present work and
effect of hydrogen can be considered as an influenceonfirmatory of former studies.
on the displacive mechanism of bainite formation. Itis It follows that an increase in the extent of the bainite
argued that by this mechanism bainitic ferrite forms byreaction could also be achieved by reducing the carbon
a shear-type transformation, and the supersaturation @bntent, so that the critical concentration in the austenite
carbon is relieved either by carbide precipitation or re-at which displacive transformation becomes impossible
jectioninto residual austenite [13—-18]. In Si-containingis reached at a later stage in the reaction. One of the roles
steels, such as those used in the present work, carbidleat hydrogen might play can initially be discussed in
precipitation is suppressed by the Si and the excessiviis context. It is proposed that hydrogen may have a
carbon concentration in the residual austenite stabilizegetarding effect on carbon diffusion which delays the
it against further transformation. Consequently, the baicarbon enrichment of the residual austenite, leading to
nite in the experimental steels consists of bainitic fer-an increase in the amount of bainite formation allowed
rite laths and retained austenite, as the results demomccording to the above,Tcriterion. The effect of hy-
strate. The retained austenite can exist as large volumesogen on carbon diffusivity does not appear to have
(blocky austenite) or thin interlath regions, mainly de- attracted significant attention, but the reverse situation,
pendent on the extent of transformation. The fractiorthe effect of carbon on hydrogen diffusivity, has been
of blocky austenite, reflecting more untransformed restudied [19-21], and shows that as the carbon content
gions between packets of bainitic ferrite laths, is an inincreases the diffusivity of hydrogen sharply decreases.
verse function of the percentage transformation, and\ssuming that hydrogen diffuses interstitially, and that
decreases as the transformation proceeds further tthe number of available sites is large, especially for the
wards completion. The carbon content of these largelow concentrations of carbon and hydrogen involved,
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the most plausible explanation for this behaviour isstability of the retained austenite phase. Previous work
that carbon and hydrogen undergo temporary bondingas similarly failed to reveal any effect of hydrogen
with each other in the interstitial lattice. Thus it seemson the thermal stability of retained austenite phase in a
likely that hydrogen could retard the carbon diffusiv- high chromium ferritic steel [29], nor on the mechani-
ity and thus increase the extent of bainite transformaeal stability of austenite phase in stainless steels [30].
tion. This argument need not imply a higher final resid-This result is important in the context of hydrogen em-
ual supersaturation in the bainitic ferrite because thidbrittlement mechanisms operative in carbon and low
could rapidly be relieved after bainitic ferrite formation alloy steels containing either bainitic microstructure or
ceases, by carbide precipitation or diffusion to residuategions of retained austenite. The results indicate that
austenite. the retained austenite phase is not de-stabilized by hy-
A displacive transformation can be regarded as a dedrogen which would increase the possibility of forming
formation and change of crystal structure of the parhard brittle high-carbon martensite, itself also less re-
ent phase. Movement of the glissile interface is thussistant to hydrogen embrittlement.
a combination of transformation and deformation, and The greater stability of the interlath thin-film form of
the role of hydrogen may additionally be discussed asetained austenite is consistent with a probable higher
an effect on this deformation. As an example of thiscarbon content coupled with size stabilization. The lat-
behaviour for the present situation, it is known from ter reflects the small size of the austenite region which
early work [22] that application of tensile stress dur- must be decomposed by plate martensite formation re-
ing transformation leads to an increase in the extent ofjuiring suitable conditions for nucleation, migration of
the bainite reaction. More recent studies have demorthe martensitic interfaces and accommodation of the
strated preferential selection of bainitic plate variantstransformation strains.
caused by externally applied stresses [23]. These obser-
vations may be explained as the mechanical work of the
applied stress assisting with the progress of the transfog  conclusions

mation by adding to the chemical free energy changere effect of hydrogen on the extent of the bainite
or in other words, boosting the driving force. Lower- yansformation and the stability of retained austenite
ing of the flow stress by hydrogen has been repeatedlyys peen studied. It was found that hydrogen causes

reported for iron and iron alloys [24-27], although nothe painite reaction to proceed further towards com-
at the temperatures of interest here. However, it mighbletion. This has been discussed in terms of possible
be argued that a reduction of the flow stress by hydrojhfiuences that hydrogen may have upon carbon diffu-
gen at the bainite formation temperature would have aRyity, flow stress and mechanisms of accommodation
equivalent effect to the application of external stress byt tyansformation strains, all of importance in the dis-
lowering the transformation energy barrier, reducingpacive mechanism of bainite formation. The possible
the energy required to accomplish the transformatiorytects of hydrogen are not inconsistent with this con-
deformation. Thus the extent of transformation m'ghtcept. It was additionally shown that hydrogen has little

be enhanced. _ . or no effect on the thermal or mechanical stability of
Ithas recently been suggested that plastic strain in thgsiained austenite phase in the alloys studied.
parent phase can dictate the course of the bainite trans-

formation [28]. The argument relies on the premise that
transformation strain is relieved in the parent austenl\ K I
ite by plastic deformation (for which there is experi- Acknowledgements
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