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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ON. THE RESISTANCE OF TRIP STEEL TO HYDROGEN EMBRITTLEMENT
R. A. McCoy, W. W. Gerberich, and V. F. Zackay
Inorganic Materials Research Division, Lawrence Radiation Laboratory

Department of Materials Science and Engineering, College of Engineering,
University of California, Berkeley, California

INTRODUCTION
TRIP steels (TRansformation Induced Plasticity), recently developed
' by Zacksay, et al.,(l’g) demonstrate a useful combination of high strength,
high duéfility and good fracture toughness. By a careful balance of
eomposition and thermomechanical,treatmént, TRIP steel is metastable
austeﬁite at room temperature with its'MD slightly above and its MS well
below room temperature. The high yield strength of the austenité is
produced by a combination of soclid solution strengthening, precipitation
strengthening, and work hardening.‘ The high ductility and toughness
result from‘the austenite to martensite transformation Qccurring during
" plastic deformation at regions of pofential necking as in uniaXial.be_
havior or at a crack tip as in crack pr&pagation behavior.

Hydrogen embrittlement is an especiallybserious problem to high-
strength martensitic steels because bofh the time required for failure
and the minimum stress for failufe usually decrease as the strength is

‘increased. TRIP steels are of interest with resPect.to this phenomenon>
-since, in the sustenitic stéte, they should be relatively immune to
hydrogen embrittlément, wheréas, after the strain-induced transformation,
advérse effects might be expected. Therefore, an investigation to determine
undér what conditions TRIP steel might be susceptible to hydfogen :

-

enmbrittlement was undertaken.
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PROCEDURE

A representative high-strength TRIP steel and a tempered martensitic
steel (to evaluate the hydrogen charging procedure) were selected for
testing. The compositions and heat treatments of fhese steels are shdwn
in Table 1. From sheets of these steels, single-edge-notch (SEN) speci-
mens, approximately'2X1X0.0'in., were machined. The eccentricity (distance
between the center of the pin holes and the centerline of the specimen)
was about 0.16 in. The method of calcuiating the stress intensity factor
employed throughout this investigation is based upon the work.of Srawley,
et al.(5-5) The stress intensity factor at which crack propagation (at
the onset of fracture) becomes unstable is the critical stress intensity
factor K x The K r values of the SEN specimens used in this investigatiop

C C
were higher than the plane-strain critical stress intensity factor KIC
- because the thickness of the SEN specimens used was not large enough to
ensure plane strain conditions throughout_the fracture region. Because
all the SEN specimens in this investigation had approximatel& the same
dimensions, however, comparisons of their KCr valuesbrelative to each
other are justified.
Prior to testing, several operations were performed upon these

specimens.

| 1. A fatigue crack, about 0.0k iﬁ. long, was produced at root of
the notch by cycling the specimens between an upper stress intensity
| 1/2

factor of 28 ksi—inl/2 and a lower stress intensity factor of 5 ksi-in

for about 10,000 cycles. The length of the notch plus the fatigue crack

- . measured about 0.33 in. from the edge.

&
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2. In most of the specimens, a reiatively large C-shaped plastic
zone ahead of the tip of the fatigue crack was produced by applying for
about 30 seconds a stress corresponding to 60, 80, or 90% of KCr
Since this plastic zone containéd a largé amount of strain-induced mar-
tensite, the effect of marnensité béing présénfbat the crack tip upon
the tests for hydrogen embrittlément could bé evaluated.

3. Most specimens weré cathodically charged with hydrogen in a
4% by weight Hesoh electrolyté containing 5 phosphorus poison (white
phosphorous dissolvgd in:CSQ). Thé charging conditibns (time and current
density) were varied to adjust‘thé hydrogen concentration in the speci-
mens.

4. To obtain a nomogéneous concéntration of hydrogen throughout the
specimen, fivé of the spéciméns wére cadmium plated for two hours at
a current density of 0.15 a.mps/in2 depositing a 2-mil layer of cadmium and
subsequently baeked at 300°F. The baking timé was varied as another means
of adjusting the hydrogen concéntration.

To test the charged spéciméns for hydrogén émbrittlement, they were
held at avconsfant load (e.g. 80%'KCr) for about eight honrs. The
load was maintained constant by'périgdically readjusting the displace-
ment of the Instron machine. If the spécimen failed, the time under
load up to failure was noted. If the'spénimen neither failed nor dis-
played evidence of significant crack érowth after about eight hours
under load, the loadeas removed.and the microstructure around the crack
tip was examined metallographically.

RESULTS AND. DISCUSSION

The conditions and results of the tests for the various specimens

are given in Table 2. In ten tests on cathodically charged TRIP steel
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specimens with and without the plastic zone prior to charging, there were
no instances of hydrogen-induced, delayed brittle failures. In fact,
even after eight hours at a stress intensity level of 115 ksi—inl/2
(80% KCr)’ the amount of crack growth was nil. In comparison, the charged
martensitic steel specimen failed brittlély at one pin-loading hole after
3k minutes at a load corrésponding to an initial sfress intensity level of
42 ksi-in/2, U5% of the uncharged K. value. At failure, the crack had
grown 0.18 in., corresponding to a stress intensity level of Tk ksi-inl/z.
| In all the TRIP steel spécimens, an etchant of 5 gm cupric chloride,
100 m1 HC1l, 100 ml H20,'and 200 ml méthanol révealed martensite plates
within the plastic zone. The plastic zoné néar the surface, as shown
in Fig. 1A, was about three times largér than the plastic zone at the
mid-thickness, as shown in Fig. 1B. This is what might bg eipected if
the surface were in a relativély plane-stress state and the mid-thick-
ness were in a relatively plane-strain étate. Both calcﬁlation and
observation of the surface:plastic zone show that it is slightly sméller
than the thickness and so the'abové is a reasonable interpretation to
make.

Tested TRIP steel speciﬁéns that had no_homogenization treatment
revealeq a crack network near the specimen surface and within‘the
plastic zone, as shown in Fig. 2A. This Cfshaped network- extended about
0.05 in. ahead of the fatigue crack. After etching, it was evident that
the cracks followed along paths of martensité plates, as seen in Fig. 2B.
.This suggests that while the martensite was hydrogen embrittled, the

surrounding austenite was not. The fact that in many alloys of the

transition metals the body-centered cubic structure but not the face-

Ied
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centered cubic structure is susceptible to hydrogen'embrittlément(6) is
consistent with this observation. Around the mid-thickness of the un-
plated specimens, the amount of cracking occurring;iﬁ.theahydrogen-bearing
martensite was faf less than at the'surfaéé and the total amount of crack
extension was on the order of 0.0l in., as shown in Fig; 2C. This smaller
amount of éraCking-aﬁ the cénter may be due éither to a smaller amount of
martensite or to a lower levél of hydrogén concéntration. Considering
the lack of significant crack propagation passéd the original plastic zone
in eight hours, the freshly strain—inducéd martensite apparently is not
embrittled sufficiently by the residual hydrogén to extend the crack
further.

Instead of thé relativély lérgé sﬁrface crack nétworks of the un-

homogenized specimens (Fig. 2A), only slight crack extensions of less

~ than 0.01 in. (Fig. 1A) were observed on homogenized specimens. Thus,

the crack network of the unhomogenized specimen is probably due to the
embrittlingveffect of the relativély high concentfation of hydrogen
remaining at the surfacg of the'Spécimén'after charging. As it was
intended, the homogenization fréatment apparéntly lowers this relatively
high hydrogén concéntration, gréatly réducing furtﬁer cracking in this
region.

In summary, TRIP steel could not be made to fail in a delayed brittle

. manner subsequent to cathodically charging with hydrogen. Relatively

~high concentrations of hydrogen at the specimen surface did embrittle

pre-existing martensite that had been introduced at the crack tip by
plastic deformation. However, either the inability of existing hydro-

gen to migrate across austenite-martensite interfaces or the lack of
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sufficient hydrogen build-up in the newly created martensite at the

fresh crack tip prevented further crack growth.
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Table I. Compositions and Heat Treatments of the Steels Tested

Composition (wt.%) ' Heat

Steel C ‘ Mn Si Cr Ni Other treatment
TRIP 0.25 2.1 2.0 8.8 8.3 3.7 Mo  Solution annealed at
1175°C for 1 hr., ice
brine quenched, and 80%
warm rolled at L25°C,
Martensite 0.46 0.l 0.1 0.5 12.0 4.0 Co  Austenitized at 1000°C - -

for 1/2 hr., &il quenched,
and tempered at 450°C for
2 hr + 2 hr,

-8—
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Table II. Conditions and Results of Hydrogen Embrittlement Tests

. Kcr Plastic Zone  Hydrogen Charging %] Bake Dead Weight Holding
Specimen to(mils) (ksi-t 1/2) Formed at Conditions Plated Time Conditions

si-in This % KC © Time Current gensity (min) Time Load KC

T (min) _ (ma/in®) (min).__ (ibs) v

1 102.6 139 - 50 125 o 0 60 3300 70

2 101.3 145 - 50 125 No ) 2ho 4100 80

3 10%.0 14k - - - - No [} - - -

b 102.2 148 80 - - No 0 - - -

S 102.6 - 8 50 125 No [ 210 4150 80

TRIP 6 97.7 - 90 50 125 No 0 480 3700 76

Steel 7 95.2 - 60 50 125 No 0 %20 3870 80

Y.5. =~ :

250 ks1 10 99.0 - Y 120 500 Yes 5} 420 3920 80

11 9k.0 - 8o L1120 500 Yes 2520 450 3870 80

12 95.8 - 80 120 500 Yes 2520 k20 2900 8

13 © 100, 4 - 80 120 500 Yes =0 u80 3960 80

1 95.2 - 80 120 500 Yes 120 510 3900 80

Marten- 1 75.7 ,uet - 50 125 No 0 - - -
sitic b (]

Steel 2 75.5 T - 50 125 No 0 34 1050 45

Y.S. = 3 71.8 96 - - - No 0 - - -

225 ksi 4 Th.2 8 - . - - No 0 - - -

® Based upon the original crack length (notch plus fatigue crack). Slow crack growth confined to the region near the surface
made the calculation of the true KCr impossible. .

Stress intensity after the crack grew 0.18 in., at which point failure occurred at one pin-loading hole.

0

Time to failure at one pin-loading hole.

2.
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FIGURE CAPTIONS

Figure 1. Plastic zone containing martensite at fatigue crack tip of

Figure 2.

hydrogenated, tested, and etched TRIP steel specimen #12;

(A) near surface and (B) medr mid-thickness.

Crack network at fatigue crack tip of hydrogenated and tested
TRIP steel specimen #5; (A) near surface unetched, (B) near

surface etched (revealing martensite), and (C) near mid-thick-

ness unetched.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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