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ENVIRONMENTAL REACTIONS AND THEIR EFFECTS
ON MECHANICAL.BEHAVIOR OF METALLIC MATERIALS

ABSTRACT

The   results of research performed under DOE Contract   No.
 

DE-AC02-79ER10359.AOOO are presented.  In the past contract year,

completed results have been obtained in each of three experimental

project areas:  (A)  mechanical behavior of Nb-H and Nb-D alloys; (B)

implantation softening of niobium; and (C)  the crack path in· hydrogen

embrittlement of 4340 steel.  The current results and near-future plans

in each of these specific areas are reviewed.

We have shown, respectively,   that: (A) hydrogen or deuterium softenihg

in niobium is related to the ability of hydrides and deuterides to punch out

glissile dislocations; (B)  implanted surface layers of oxygen ions in nio-

bium reduce the flow stress at low temperatures; and (C)  the hydrbgen-assisted

crack path in 4340 steel can be identified at electron microscopy resolutions

as intergranular, interlath or translath, depending upon the strength level.
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CURRENT RESULTS

A.  Mechanical Behavior of Nb-H and Nb-D Alloys (R. Fournier)

The microstructural analysis by transmission electron microscopy (TEM)

has been investigated and completed during the past year.  Previously we

have shown that Nb-H single crystals exhibit a maximum in strength as a

function of hydrogen concentration at 779K in materials that are prestrained

at  295°K  as  well  as in unpregtrained materials (l) . This behavior was initially

attributed to the coherent-to-incoherent transition that hydrides undergo

as hydrogen concentration is increased(2).  In this report we discuss the

microstructural results obtained .that have confirmed this interpretation.

In the last progress report, we presented slip trace analyses that

illustrated a pronounced difference in slip line morphology in Nb-H alloys

as a function of hydrogen concentration.  Materials with close to the maximum

strength, i.e. with less than  -300 ppma H and therefore coherent hydride pre-

cipitates, exhibited long fine straight traces with definite crystallographic

slip on (011) and (121) planes.  Materials with higher hydrogen concentrations

and hence incoherent hydrides exhibited slip traces on only the primary (011)

plane and were wavy and coarse.  Additional results obtained in the past year

on both Nb-H and Nb-D alloys confirmed these observations.  The results for

the low hydrogen alloys are consistent with the effects that alloying has on

slip in Nb, where increasing friction stress can produce long crystallographic

slip lines at low temperatures .  The coarse and wavy slip bands, with large(3)

slip steps that appear at high hydrogen concentrations, are consistent with

massive non-screw dislocation generation by incoherent precipitates and the

motion of these edge dislocations along with at least localized motion of the

screw components.

The TEM results obtained over the past two years are consistent with the

1
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slip trace results and their interpretation.  In the low hydrogen alloys,

the dislocation substructures consist of screw dislocation segments aligned

approximately equally along the primary [lil] and secondary [iil] directions.

There is also a large density of debris loops in the background and the

occasional presence of dislocation tangles that are expected from extensive

motion of screw dislocations.  In the high hydrogen alloys, the dislocations

are also in the screw orientation and are more prominantly aligned along the

primary Ilil] direction.  It is possible to identify incoherent hydride

skeletons which create arrays of prismatic dislocation loops along the pri-

mary Ilil].  The hydrides always appear to have abundant densities of emergent

shear dislocations.  There is a general lack of debris dislocations that would

be expected from extensive motion of screw dislocations, but parallel groups

of prismatic loops are frequently converted into a helix by interaction with          i

(4)screw dislocations formed in their vicinity .  See Fig. 1.

The general conclusion from these results is that the strength maximum           1

in Nb-H alloys as a function of hydrogen concentration does indeed result as

a consequence of the coherent-to-incoherent hydride transition.  In low hydro-

gen alloys, the principal contribution to the strength arises from the inter-

action between the stress fields of coherent hydrides and gliding dislocations.

The resulting dislocation substructure is similar to that encountered in materials

hardened by interstitials , 1.e. as expected in a bcc metal with a high frictional
(5)

stress.  In high hydrogen alloys, the hydrides become incoherent by punching

(6)prismatic dislocation ;loops and creating interfacial shear dislocations

The material softens as a result of the increased mobile dislocation density

that may be generated from the hydrides under an applied shear stress.

In the past year, we have completed our investigations of the dislocation

substructures of the Nb-H alloys and have obtained data on hydride particle size

and inter-particle spacing as a.function of hydrogen concentration.  We have

0,
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also obtained similar results for Nb-D alloys.  The data are being analyzed

(7)
in terms of theories of hardening by coherent and incoherent precipitates

B.  Implantation Softening of Niobium (D. DeMiglio, J. Ratka)

(8)
Previous work in this program by Sethi demonstrated that macroscopic

gradients of oxygen in solid solution in niobium have large effects on the

mechanical behavior of niobium at low temperatures T 5 0.15%m' where T  is

the melting temperature.  Gradients of oxygen were produced by diffusion

oxide-coated specimens at a temperature of 1275°K for various lengths of time.

Very steep gradients caused softening at low temperatures, while more diffuse

gradients resulted in hardening, such that a maximum was observed in data

giving the critical resolved shear stress as a function of gradient steepness.

The goal of this current project was to see if gradients of oxygen in

solid solution in niobium produced by implantation of 0 ions cause similar
16

types of hardening and softening effects. 0 ions were implanted by irradi-
16

ation  at room temperature  in  a Van der Graaf accelerator  at the Sandia Labora-

tories at Albuquerque,  N.M.  High purity single crystals of the type prepared

in our laboratories for many years were used.  The initial project was done

in collaboration with Drs. S.T. Picraux and D. Follstaedt at Sandia, who

have extensive experience in characterizing implantation profiles in irradiated

metals .  The first results are summarized in the following paragraph.(9)

High purity single crystals of niobium -2mm in diameter wth a [213]

tensile orientation were ion-implanted with oxygen at an accelerating voltage

15
of 50 keV for various times to produce oxygen fluences in the range 1 x 10   -

17        2
1 x 10 atoms/cm .  The resulting near-surface oxygen profiles were approximately

Gaussian with half-width AR  -3lnm.  The peak concentrations within the profiles
P

corresponded to respective volume concentrations in the range -0.2 -· 20 at. % 0.

The crystals were tested in 'tension at 77°K and 296°K. In tests at 77°K, in
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the thermal hardening regime for niobium, ion-implantation reduced the flow

stress substantially over the first five percent shear strain and caused a

corresponding increase in ductility.  The maximum softening effects occurred
16        2                             'for a fluence of 1 x 10 atoms/cm .  Implantation caused no such softening

in tests conducted at 295°K, which is in the athermal hardening regime for

niobium.  These results can be compared with previous ones on oxygen gradients

produced by diffusion annealing of surface oxide films and with the large

softening and hardening effects that surface films themselves have on the

mechanical behavior of niobium .  Interstitial gradient softening in
(3,8)

niobium appears to be a residual stress effect that is eventually eliminated

after several percent plastic flow.  Surface film softening, on the other

hand, occurs mainly as a result of plastic constraint associated with the film-

substrate composite.

The detailed presentation of these results is currently in preparation

for the 1980 AIME Annual Meeting in Las Vegas at the Symposium on Surface

Effects in Refractory Metals and Compounds.

C.  The Crack Path in Hydrogen Embrittlement of 4340 Steel (D. DeMiglio)

The role that hydrogen plays in the fracture mode of high strength

steels is complex.  Hydrogen-assisted cracks can propagate intergranularly

or transgranularly depending upon the strength (tempering) and residual

impurity level .  We have investigated the potential of transmission
(10-12)

electron microscopy (TEM) and in particular high voltage electron microscopy

(HVEM) as a technique to develop a better understanding of metallurgical factors

that control cracking by hydrogen in high strength steels.  In the past year,

a first project on examination of the hydrogen-assisted crack path in a commer-

cial 4340 steel by TEM of specimens thinned from bulk materials has been completed.

These results will be compared to ones obtained in later investigations involving
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. in-situ def6rmation 9:f the   same material  in  the  HVEM  in a hydrogen atmosphere  -

'-   ·by  use : of  .an  environmental   cell:.

The experimental procedure was essentially that described in previous

reports.  Briefly, notched-bar tensile specimens were prepared from 4340·steel

which was austenitized at 870 C, oil quenched, and tempered at temperatures

-200°C (1550 MN/m2 yield stress) to -600»C (950 MN/m2 yield stress).  This

produced materials that would crack primarily intergranularly and transgranu-

larly, respectively, by static fatigue at room temperature .  Specimens.
(13,14)

were cathodically charged in 4% H2SG4' cadmium-plated, baked at 150°C to

obtain a homogeneous distribution of hydrogen , and finally were fractured(15)

under various static loads.  The time to fracture was typically one hour.  Thin

foils were prepared from 0.25mm thick slices cut just beneath and parallel to

the fracture surface.  Discs 3mm in diameter were punched out and electrochemi-

cally back-thinned by a method similar to that used by Awatani et al. (16)

Lacquer was applied to one side of the disc in order to reduce preferential

etching along a crack path.  The TEM observations were complemented by selective

use of scanning electron microscopy (SEM) for v rification of the primary crack

(10)
path observed by other investigators

Some of our TEM results were shown in previous contract reports.  Others

plus     the  SEM work  will be included in publications   that  are  now in preparation.

The total results are summarized   in   Figs.    2   and 3, which show, respectively,

the crack paths in relatively lower strength    (400'C   tempering)sand in higher

strength (200'C tempering) 4340 steels.  In these figures, the primary crack

paths at A and B were determined by SEM to be transgranular and intergranular,

respectively. 1he secondary'branching crack paths observed   by   TEM were predomi -

nantly translath in the lower strength steel and interlath, intercolony or

intergranular in the higher strength material.  Such results are being analyzed

in terms of the relative densities and interaction energies of possible
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(17)
microstructural traps for hydrogen

Initial work has also begun in the preparation of in-situ tensile

specimens for a side entry deformation stage of the Hitachi HU-65OB high

voltage electron microscope at CWRU.  Full-scale effort on this project will

begin during the proposed contract year in cooperation with Professor

Gerhard Welsch, who is supervising all CWRU HVEM projects involving in-situ

tensile deformations.
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EFFORT DISTRIBUTION OF THE

PRINCIPAL INVESTIGATOR

During the contract period February 1, 1979 to January 31, 1980,

Professor Ronald Gibala, principal investigator for Contract No.

DE-AC02-79ER10359.A000, has allotted his time as follows:

1.  February 1, 1979 - May 31, 1979.

30% of these four months was spent on Contract research.  30% of this

time was charged to the Contract.

2.  June 1, 1979 - August 31, 1979.

65% of this two month period during the summer session was spent on

Contract research,   and  65%   of the timet  was   charged   to ·the contract.

3.  September 1, 1979 - January 31, 1980.

30 %  of  these five months  of the academic year was spent on Contract

research.       The   full   30 % was financed  by the Contract.
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