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THE RESISTANCE TO EMBRITTLEMENT BY A HYDROGEN
ENVIRONMENT OF SELECTED HIGH STRENGTH IRON-
MANGANESE BASE ALLOYS
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High strength martensitic and ferritic steels are usually embrittled

(1-5) or a low pressure hydrogen env1r0nment(5 7)

by internal hydrogen
suﬁstantially reduced stress or stress intensity lcvels.compared,tb the -
critical failure levels when hydrogen is not preseht; The chemistries and
microstructures of these dlloys are selected to produce high‘étfength,

and then the resistance of the alloy to embritflemeﬁt by hydrogen ié
determined. If a hydrogen environment affects the mechanical propert1es
of an austenitic steel, usually the ductility is decreased with only a

slight decrease in strength level, if any at a11(8_14).

(15-18)

However, severe

electrolytic charging or thermal charging in a high pressure 3

hydrogen environment can &ecrease the ductili;y of many austenitic steels(IZ;lg’zc}.
By investigating the relationship of alloy chemistry and metallurgicallﬁicrq—
structure to hydrogen assiﬁted cracking in simple ailqy systems‘with ai
face centered cubic matrix, it may be possible to.design high strength
ailoys which have some resistance to the degradation of mechanical propertieé-v*
in a hydrogen environment under certain conditions.

Certain iron base and cobalt base fcc alloys exhibit high work
hardening rates and can be cold worked to hlgh strength level(21 25)
When the microstructures of these alloys have been studied,'it haé beén
observed that these effects are due either to ﬁechanicéi,twinning or.étréin

Q1-24,26,27)

" induced martensite For Fe-Cr-Ni base austenitic alloys in

which strain induced or chemical transformations occur usually when a hcp

d(26;28-32]‘

martensite is formed, a bcc martensite is also forme In



Fe-Mn base alloys for certain ranges of alloy chemistries the phases
observed have been only fcc and hcp(21’33d35).

If substantial amounts of a'-bcc martensite form in an alloy with

- an austenitic matrix during mechanical testing, it has been observed that
a hydrogen environment can degrade the mechanical properties of the alloy

(9,36-38) The

even at a pressure of one atmosphere for some alloys
ductility of low stacking fault energy (SFE) austenitic steels, some of
which are stable with respect to formation of a', can be reduced in the

(12:14). High energy rate forging (HERF) forms

presence of hydrogen
dislocation tangles in austenitic alloys of this type and results in
only a slight degradation of the ductility of the alloys in the. presence
~ ‘of hydrogen as compared to an inert'enﬁifanmentClz). Cold working low
SFE austenitic alloys in which substantial amounts of ' and/or fcc
mechanical twins form along with a relatively high concentration of
dislocationé may produce a high strength alloy which has some resistance
to degradation of mechanical properties in a hydrogen environment.

'A Co-Fe base alloy which is fcc in the Solution treated state
can be cold worked toa yield strength level of 240 KSI and is‘partially
strengthened by the formation of ¢'-hcp martensite and fee mechanical.

(24)

twins This alloy at a yield strength level of 240 KSI did not

appear to be degraded when loaded in a one atmosphere hydrogen environment

at ambient temperature(24)q

An Fe-25Mn base alloy similar to the one
used in this investigation was severely hot worked at 400°% to a yield
strength level of 179 XSI in order to suppress a martensi;ic transformation

and produce an alloy that might transform to €' martensite when plastically

deformed at ambient temperature. The mechanical properties of this alloy



were not affected in a one atmosphere h&drogeﬂ environment at ambient
- temperature, and. x-ray analysis indicated thg preseﬁ;e,of some e,(SQ).
‘However, the mechanical properties of several otﬁer hot worked Fe-Mn-C
alloys Qith less manganese were affected by a hydrogen environment(sg}.
In Fe-Mn base alloys, a variety of phases can be present at
ambiént temperature ranging from various becc phases in dilute alloys
'through epsilon and austenite in the alloys with higﬁér manganese

(21,33-35,40-42)

-concentrations ‘Only epsilon and austenite have been

reported to be present for certain higher manganese éoncentration

rmiges(21 »33- 35). For binary Fe-Mn ailoys it has beéﬁ-shown that for
' manganese concentratlons greater than ten percent the free energy of
formation of ep5110n in austenite becomes less than for bee phases( )
.Slnce carbon in sqlld solution is a potent austenitic stabilizing element,
the addition of carbon to Fe-Mn binary alloys will{stabilize the alloy
with respect to martemsitic transformatlons( ;} In Hadfield steels
“which contain about 13% Mn and 1.0% C, fcc mechanical twins are formed
when the alloy is plastically deformed whi#h are fesp&nsible.for the =
high rate of work hardening(zz). Coﬁsequently, when é_subsﬁantial‘amdﬁﬁt
~of eitper a strain induced_marténsitic transformatibn or-mechanical

ftwinﬁing occurs in an austenitic Fe-Mn base alloy during plastic deformation,
. the alloy will exhibit a highlwork’hardeniﬁg rate and can be cold worked

4to produce high yield strength levels21 22)

The objective of thls investigation was to study the effect of a

‘hydrogen environment on the fracture behavior of selected Fe-Mn base



alloys'which were cold wdrked to produce high yield strengﬁh levels. On |
the basis of available information, alloys were selected in which it was
thodght cold work would produce either strain induced E}rth martensite
‘6r mechanical tWinning in an fcc matrix. The initialiﬁicrqstructure of
each alloy in both the éolutidn treated and initiallcold ﬁorked states
was determined using transmission electron ﬁicroscopy techniques in

conjunction with x-ray analysis and optical microscopy.

EXPERIMENTAL PROCEDURE

An Fe-Mn base alloy containing twénty‘five percent manganese with
0.29 percent carbon was selected for it was thoughf that cold working
of this alloy would produce strain induced e'-martensite in an fcc matrix.
_This'ailoy was cold worked thirty percent before mechanical testing.
On the basis of microstructural studies. of cold worked Hadfiel—d“steelstzz)

the alloy cryogenic Tenelon (i.e. Fe-16Mn alloy) was selected in which

- cold working might produce primarily mechanical twinning in the austenitic
‘ (43) ‘

matrix . It has been reported that a similar alloy can be cold worked

(25)

to yield strength levels greater than 200 KSI For an alloy with a

chemical composition similar to the Fe—léMn'alloy of this investigation,
- magnetization measurements indicated the presence of less than one percent

(43)" The alloys

-of a magnetic bce phése afﬁer severe plastic defofmation
were solution treated at 1125°C. The.éhemical_composition of these
alloys is presented in Table f.' |

Sihglé edge notch'spécimens (SEN),.for which a stress intensity
(44) '

. calibration is available + and tensile specimens were used tb_determine



the fracture behavior ﬁf the alloys. The width of the SEN 5pécimen5 was
one inch with a thickness of 0;056 inch for the Fe-25Mn alloyland of -
0.040 inch for the cryogenic Tenelon. All the SEN specimens were |
precracked by fatigue 1oading'prior to loading in ﬁensibn with the
specimens which were tested in hydrogen being precracked in tﬁis
environment just prior to tensile testing. The maximum stress intensiﬁy
parameter in air was determined for each alloy. The tests in a'hydrogeﬁ‘
environment were run at 0.9 of an atmosphere and at ambient temperature.
The SEN specimens were held at constant increasing successive stress
intensity levels, and the crack growth rate was monitored. The SEN
specimens were tested in a stainless steel high vacuum chamber moﬁnted
on a standard MTS test system, The tensile tests were run at a strﬁin,
rate of 5 x 10-% IN/IN in a stainless steel vacuum chamber-mounfed on -
a tensile machine. " The test chambers were evacuated ahd flushed with
hydrogen before the hydxogen test environment was introduced. High
purity hydrogen which was passed through a liquid nitrpgen trap wés
used for a test environment, |

X-ray analysis was carried out using a diffrgctometer.with MGLK&

(34,43) 4nd transmission electron

radiation., Optical microscopy
micrcgcopy (TEM) 5pecimens(27’45)‘were prepared using techniques thét,
have been described elsewhere. The TEM specimens were eiamined in a
JEM-7A transmission electron microscope operated at 120 KV apd équipped )

with a goniometer 30° tilt stage. Electron fractographs were obtained

from a JSM-2 scanning electron microscope.



RESULTS

The mechanical properties of the alloys are given in Table II.
Cold working of these Fe-Mn base alloys can produce high yield strength
lévels of the order of 200 KSI. The maximum stress intensity levels
listed in the table are the levels at which the alloy fractured in either
an air or hydrogen environment. From the stress intensity values, crack
~growth rates and ductility data listed in Table II, it appears that the
mechanical pfoperties of neither of the alloys was degraded by a hydrogen
environment under the test conditions employed. Comparison of the
fracﬁure modes for specimens of the same alloy using the scanning electron
microscope revealed similar fracture modes in both the air and hydrogen
environments. Therefore, high strength iron-manganese base alloys can
be produced which appear to be resistant to degradation of mechanical
Properties in a oné atmosphere hydrogen environment at ambient temperature
under the loéding conditions employed in this investigation.

For the Fe-16Mn and Fé—ZSMn alloys of this study magnetization
measurements indicated the presence of less than one percent of a
magnetic phase in the as received cold worked alloys from which the
mechanical test specimens were obtained and in specimens taken from the
~gage section of fractured tensile specimens. The initial microstructure
of eéch alloy in both the solution treated and cold worked states was
investigated using primarily transmission electron microscopy techniques
in conjunction with x-ray and optical microscopy techniques in order to
correlate the mechanical properties with the initial metallurgical

- microstructure. X-ray analysis of the solution treated Fe-16Mn alloy



revealed only the fcc matrix structuré. Transmission electron microscopy
analysis refealed only ﬁraces of other structures for the alloy in this
state, Specimens of this alloy which were cold rolled twenty and

fifty percent respectively were examined. X-ray analysis did not reveal
any evidence of a phase other than fcc in the cold worked specimens.
Optical micrographs of the deformed alloys revealed a deformed grain
structure with a uniform complex fine structure in the matrik, Figure 1.
Transmission electron micfoscopy revealed that the predominant strain
induced transformation was the formation of fcc mechanical twins in

the fcc matrix although some strain induced e'-hcp martensite was observed.
A bright field transmissioﬁ electron micrograph of a single fec mechanical
twin variant (111) is shown in Figure 2a for a specimen cold worked

twenty perceht. A selected area electron diffraction pattern from this
region, Figure 2b, reveals the fcc matrix orientation is [411]Y with

a [011]T tﬁin orientation; and the individual diffracted beams of each
structure are indexed in Figure Zc. The orientation relations between

fce matrix zones and fcc twin zones were obtained from stereographic
analysis on the basis of four possible twin variants which form on {111}
matrix planes. The reversal of contrast for the band structure between
the E;ight field image of Figure 2a and the dark field image of Figure 2d,
using the (1T1)T beam from the twin pattern, proves that the bands are fcc
mechanical twins since when a beam diffracted from the twin structure is
used to form the image the twins appear bright in relation to the fec

matrix. In Figure 2d, dislocations and sharp changes of contrast can be



observed aléng the twins, A dark field image formed from the superimposed
: (2§b)Y - (02§5T beams, Figure 2e, reveals a high density of dislocations
V‘éssociated with the twin bands. These may be mostly matrik-twin interface
dislocations which in general it has been shown must Ee-generated for
.diélocations to move through a twinned érystal(zz). The greater the
density of twins and the'density of dislocations associated with twins,
the higher is the applied stress necessary for dislécation motion. As
'is illustrated in Figure 2e, én élloy cold workedxtwgnty percent kas a
relatively high density of both twins and of dislocations associated with
the twins which would help account for the.high yieldrstrength lefels
~ produced by cold working this alloy. Many :égions of this specimen also
contained more than one twin variant.

Theré are two twin variants in the bright field micrograph from
an Fe-16Mn specimen cold worked fifty percent,'Figure 3a. An analysis
of the seiécted area diffractioﬁ‘pattefn from thislrégion,'assuming that
the observed bands were fcc mechanical twins formed on the {111} matrix
plages, resulted in a correlation between the obéérved diffraction
pattern, Eigufe 3b, and the calculated pattern, Figure 3c¢. The matrix
~ orientation was [125]Y with {IIO]T and [IEi]T twin orientations which
.corréspond to twin plane variants (111) and (lil} resPectivély. The (lll)
twin varlant is revealed by a dark fleld image W1th the (002) twin beam
from the [110] twin pattern, Flgure 3d. A dark‘fleld.lmage with the (111)
twin beam frOm the [121)T twin pattern illustrates the (111) . twin

 var1ant, F;gure 3e. Trace ana1y51s showed that the twin planes were

T -



aiong'{lil} . There is a dense irregular arrangement of dislocatiohs in
“the fcc matrix, Flgure 3a.
Two epsilon varlants are observed in the bright f1e1d mlcrograph
'ef Figure 4a obtained from a Fe-16Mn alloy cold worked twenty percent,
An analysis of a seleeted area diffracfidn pattern from this region,
Figure 4b, revealed a [015]Y matrix orientation with.[Oill]e, and [iOli]E'
orientatiene which correspond to an &' variant forming.on the (-111)Y
Piane and an e' variant forming on the.(lli)y plane, Figure 4c. The
two variants are illustrated by dark field imeges‘formed with the (lOil)sr
beam, Figure 4d, and with the (1101).: beam, Figure de. A high density
- of dislocations and fault strucfures.iS* oﬁserved to be associated with
the ;'.bands of Figure 4d, and Figure 4f, which is from a region adjacent
-to the region'of Figure 4a. This high deneity ef defects associated with
the €' bands should contribute significantly to the strengthening of a |
celdrworked'alloy which contains thin beﬁds of '-martensite. |
X-ray analysis of the Fe;ZSMn alloy‘feveeiedteni} a trace of €
and no e in the solution treated alloy and a sﬁbstantial amounf of ¢’
with no o' in 'the alloy cold worked thirty percent. An optical micrograph
7 of the cold worked alloy reveals severe deformatlon and a fine deformation
structure Figure 5. reglon from a Fe-25Mn alloy cold worked 30% is
‘ 111ustrated in the bright field electron micrograph of Flgure Ga A
'selected area diffraction pattern from reglon A, Figure 6b, reveals a
[110] matrlx orlentatlon a {110} fcc twin orlentatlon and a [1210]5'
orientation as 111ustrated in the diagram of Fxgure 6c The band

- structures. contalned in the fcc matrlx are revealed by the dark f1e1d



image from a‘(OOZ)T beam, Figure 6d. The e'.phase from the (1il)v§riant:
1is obserﬁed when thé (1011)8, beam is used to form a dark field image,
Figure 6e. An image'with.the (lii)T twin beam reveals fhe_(lil) fcc twin
'Variant,'Figure‘ﬁf. A selected area diffraction pattern from region B
tilted to the [Oill]e; orientation reveals the presencerof a second ep;ilbn
variant of the type (111) present in the matrix. A dark field image with
the_(loil}e, beam from the [Oill]s, zone illustrates the second e' variant,
'Figure'ﬁg._ The predominant strain induced structure in the Fe-ZSMn alloy
is epsilon martensite. A dense irreguiar arrangemént of disidcations is

observed in the fcc matrix, Figure 6a.

* DISCUSSION

 The high strength cold worked Fe-Mn base alloys studied in this
inveStigationlwere partia11y strengthened by the formation of strain
'inducéd ¢'-hcp martensite and fcc mechanicalltwins‘in an austenitic ~
. métrix; The predominant strain‘induced strengﬁhening structures were
‘mechanical twins in the Fe-16Mn alloy and'eﬁsilon martensite in the
Fe-25Mn alloy., At yield streﬁgth levels of 178-26i KSI, the mechanical
properties-df'these allofs did not appear to be affected by a one |
. atmosphere Hydrogen environment ét ambierit temperatufe'under the loading
_conditions employed in this investigation. |
A series of Fe-Mn-C allby5~containing-approxiﬁately 0.3% C with

16, 20 and 25% Mn respectively, were hot worked to yield strength levels
_ 39) ‘

in the range of 173 to 193 KSI During mechanical testing in a one
atmosphere hydrogen environment at ambient temperature, the duétility
of only the Fe-16Mn and Fe-ZDMn alloys was decréased; and slow crack

l‘growfh'was observed for the Fe-16Mn alloy only.  After mechanical testing,

10 -



thé Fe-20Mn and Fe-25Mn alloys were reported to confain austenite and
‘s_martensite; and the Fe-16Mn alloy. contained these phases plus a'
-martensite, |

The effect of hfdrogen'on the mechanical properties of an alloy
‘shﬁuld depend on the alloy chemistry, metallurgical micfostructure, and
test conditions with respect to hydrogen. The hydrogeﬂ test conditions
~would beiieterminadby the pressure and-temperature of a hydrogen test
'énvironment or the degree of sa;ﬁratioh of an internaily charged élloy
at a given test temperature. _When a ;ubstantial amount of a'-bee
martensite forms during mechanical testing of an aﬁsténitic steel,‘a
hydrogen environment can degrade the mechanical properties of the alloy

(9,36-38) " 11 the

. even at pressure of one atmosphere for some alloys
presence of hydrogen the ductility of austenitic steels, some of which
are stable with respect to formation of o', has been observed to be

related to the degree of cbplanaf slip in the alloy thch:is a function
(12,14)

of the stacking fault energy In general, the ductility of low

SFE austenitic alloyé appears to be reduced during tensile tests in a

high pressure hydrogen environment while the ductility of high SFE alloys

'd(12,14)m

appears not to be or only slightly affecte ff enough‘hydrogen

. is introduced into austenitic steels, usually by severe electrolytic

(15-18) or charging at an élevated temperature in'a'high pressure

(12,19,20}

charging
hydrogen environment , the ductility of many austenitic alloys
can be reduced. The greater decrease in ductility due to the presence

of hydrogen in alloys with coplanar slip has been interpreted in terms

_ of'the transport of_hydrogen- with moving dislocations to points where

- 110



microcracks or microvoids nucleate(lz’ld). For an'alloy in which

coplanar slip occurs, it has been proposed that the moving dislocations
ﬁili tend to release hydrogen to form molecular ﬁydrogen at microcracks
"and‘micrOVOids Which_will stabilize and aid in the growth of these
defects; in higher SFE élloys where crasé slip readily qécurs, moving
.dislocationé will tend to bypass dislocatidn b#rriers. The alloys of
thié investigation in which strain induced e' and fceo ‘mechanical twins
'_form are low SFE alloys which exhibit ﬁoplanar slip in the low strength
states. Tensile tests in a 107 PSI hydrogen environment at ambient
temperature with a solution treated Fe-16Mn alloy_similar.to the one
used in this investigation havé revealed somewhat of a decrease in
ductility although the yieldland ultimate sfrengths did not decreaseclz).
High energy rate forging (HERF) of a low and an intermediate SFE alloy
produced a major improvement iﬁ the ductility of the alloys in the
presence of hydrogen in comparlson to the same alloys with no exposure

(12)

to hydroggn This change in mechanical pr0pertles was attrlbuted

to an observed change of dislocation structure from a'coplanar‘type in
the'solution treated alloys to a téngled type in the HERF alloys, The‘
~ductility of a low stacking fault energy Fe-Cr-Ni basé austenitic élloy
in the.cold worked and so}ution treated states in‘éontact with lithium
'hydride was not decreased while the ducility of the alloy in the solution
'treated state with a machlned surface was decreased under the same test

condltlons(14).

These and other results w1th thlS alloy were 1nterpreted
1n terms of the number of mov1ng dlslocatlons avallable to transport

7 hydrogen 1nto the metal and the mean free path for mov1ng d1510cat10n5(143.

12 .



In the héavily cold-worked alloy it was Drbposed that there were many
sources of mobile dislocgtions, but the mean freé path bf‘moﬁile ‘
"disiocations was too short for a substantial amount of-transport of
hydrogen from the surface, | |

" The microstructures of the cold worked alloys employed in this
study consist of relatively closely spaced regions of strain induced e'
'_6r fcé mechanical twins with a dense irregular arrangement of dislocations
in the fcc matrix. A substantialrnumbgr of defects are'alsé éssociated
with the strain induced structures. This microstructqre should severely
limit the mean free path of moving dislocations and thereby could
inhibit the transport of hydfogen from the éurface.' This type of
microstructure should also inhibit coplanar dislocation motion and

the formation of dislocation Pileups.' In order to more fully evaluate
the relatioﬁship between metallurgical.microstructﬁre andltﬁe'reSistance
 ‘to,degradation of mechanical properties by hydrogeﬁ for the alloys
employed in this investigation, it,will be’necéssary tb study the alloys
in various metallurgical states under more severe test conditions witﬁ
~Tespect to hydrogen.

-Tﬁermodynamic and kinetic factors can also play an important role

| with respect to the effect of a hydiOgen environment on.tﬁe‘mechanical
p:operties of7a11oys. Tﬁe‘sevefity ﬁf the test conditions with respect
to hydrogén cﬁuld be an important facté? in the présenf investigation;
,Sevéral recent-papérs havé-ﬁiscussed inrdetail the‘précesses involved
‘in fransporting h?drdgen ffom a gaseous envirOnmént.to'some interior

‘ poini‘in a metal and have stres$ed‘that'these processes could control

=13 -



whether a hydrogen environment affects the mechanical properties of an

(7,12-14,46,47)

'alloy under a particular set of test conditions These

(7,12-14,46,47)

processes include several surface reactions , diffusion

(7,13,46,47) (12;14)

, transport of hydrogen with moving dislocations ‘ s
. (7,12-14,46,47)

V of hydrogen
'and any reactions that occur in the metal Temperature'
and pressure may have a strong effect on these processes. It is known
that the ﬁiffusivity of hydrogen in fce iron sfructures such as auétenite

(48,49) Thus,

is several orders of magnitude slower than in the bcc.phase
it may be that the high strengtﬁ alloyé employed in this'investigation
could be affected if higher temperatures.and_hence.higher diffusivities
werelinvolved. This sqggests additiénal experiments at elevated temperé—
‘tureé for delineating the characfer of the'hydrogeﬁ interaction at a
‘crack_tip in fec structufes.

High strength steels are‘dgsigned by seiectihg microstructures
" which will produce high strengthland these have usUaily been alloys that
-Eontained'bcc or bhet pﬁases.A Consequently, high strength steels have

(5;7). The

beén embrittled by a low pressure. hydrogen environment
hydrogen emErittlement of-alloys should be a function of both alloy
chem}stry and microstructure. If may be bossible by sfudying fhe effect
- of hydrogen on alloys with différeﬁt chemistries and simple.well
,charac;eri;ed microstructures to désign.allqys which have sbme.resistance
to degradation of mechanicai prbpeities'bf a-h?drogen eﬁviroﬁmént under
certain coﬁditiéns. This-investigapibhihas established that the
1‘mech§nica1‘propertieS'oflcertéin high strength_iroﬁ'bése alloys with

‘s?égific:microstructures do not appear to be degraded by a h#drogen ,

; 14_;;



environment under the test conditions employed. A Co-Fe bése alloy celd
worked to a yield strength level of 240 KSI, which was partially
strengthened by the formation of strain induced e'-hcp martensite and
fce mechanical twins in a fecc matrix, also did not appear to be degraded
in a one atmosphere hydrogen environment(24).

In ofder to select Fe-Mn base alloys which may be partially
strengthened by the formation of strain induced e'~-hcp martensite or
fce mechanical twins in a fcc matrix, information is required which
correlates alloy chemistry to the structures present in various
metallurgical states. There have been several investigations in Fe-Mn
binary and Fe-Mn-C ternary systems which correlate the alloy chemistry
with the phases present after various types of heat treatment and cold

(21,33-35,41)

working Some work has also been done in developing more

complex austenitic Fe-Mn base alloys,‘one of which was employed in this

(22’25’43’50). The microstructures produced in these

investigation
more complex alloys by cold work have often not been completely determined,
but the high field strength levels that can be obtained by coid work
suggest the presence of strain induced trénsformations. In fcc crjstals

¢' martensite is produced when stacking faults form on alternate (111)
planés and fcc mechanical twins are formed by faulting on consecu;ive

(111) plgnes(51). -There is direct evidence to indicate that ¢!

martensite is produced by the formation of stacking faults on alternate
slip planes in bundles of irregularly spaced stacking faults in an fee

(52}

matrix Therefore, a decrease in stacking fault energy in a fce

- 15 -



matrix should increase the tendency to form st¥a1n induced e' marten51te
or fcec mechanical tw1ns( )

The concept of grain refinement has been employed to help explain
the rapid rate of work hardening and the high streﬁgfh levels-produéed in
cold worked alloys by the formation of strain induced structures(22 53)

The Petch correlatlon(54), which was developed to explain the yield.
strength dependence on grain size, has been fouﬁd.to correlaterreaéongbly :
well the increase in yield strength with the avérage decrease in‘spacing
between ¢' bands in an alloy that was strengthened by the formation of

thin e' bands in an fcc matrlx( 3). For a material containing bands'

of another structure in the matrix to deform plastically, there must be
some mechanism for transmlttlng plastic deformation through the bands.
For the general case of fcc mechanical twins in a fee matrix it has been
shown that this occurs by the dissociation of a matrix Sllp dlslocatlon
at.a matrix-twin interface to form an interface dislocation andra-slip
dislocation in the twin crystal(223.| The high concentration of
dislocations observed associated with the mechanical twins in th;s-invesfiéaf:
tion may be pfimarily these interface disloéations.' However, it is clear.
that the high density of dislocations éssociated with the twins'should_
make it more difficult to move dislocations through the érystai and |
therefore should strengthen the crystal significantly.' In a highly
deformed fcc crystal containing e bands, a high density of defectﬁ

assoclated with the ¢' bands was also observed. 'Therefore, it appears

that mechanical twins or e'-hcp martensitic bands in a heavily cold

- 16 -



worked féc matrix will have a high density of &efects which should
significantly strengthen the material.

This investigation has established that certain Fe-Mn base alloys,
with specific chemistries, which have been cold worked to produce high
vield strengths appear to be resistant to degradation of mechanical
properties by a one atmosphere hfdrogen environment at ambient
temperature under the loading conditions employed in this investigation.
These alloys were partially strengthened by the formation of strain
induced fcc mechanical twins and e'-hcp martensite in the fcc matrix.
These results help to establish that alloy chemistry and metallurgical
microstructure can play an important role with respect to the effect

of a hydrogen environment on the mechanical properties of alloys.
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TABLE 1

Chemical Composition of Alloys in Weight Percent

Alloy Fe Mn C N " Cr Ni
Fe-16Mn Bal. 15.9 0.08 0.40 18.0 5.5
Fe-25Mn Bal. 25,2 0.29

TABLE II

Mechanical Properties of Alloys

Red. Total Crack

Yield in Elonga- K Growth

Environ- Strength Area tion I ' Rate

‘Specimen ment (KSI) %) (%) (ksI-IN1/2)  (In/mMIN
Fe-16Mn A 202 32 4.9 - 96 (M) -
C.W. 50% H2 200 35 5.1 89 Nil

H, ' | 98 (M)

Fe-25Mn A 177 - 14 2.3 96 (M) -
C.W. 30% H, 179 13 1.8 78 Nil
ot HZ _ ' 86 Nil
H2 93 (M) --

Notes: (1) K,(M)} = maiimum K. calculated from load at fracture.
(2) Tests at ambient %emperature.
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Deformation twins in an Fe-16Mn alloy deformed 20%.

(a) Bright field electron micrograph; (b) Selected area
diffraction pattern; (c) Indexed pattern - the pattern
consists of two superimposed reciprocal lattice sections
[411].., [011]T y twin; (d) Dark field micrograph of the
(111) "twin variant with (111)_ twin beam; (e) Dark field
micrograph with (022)_ - (022]. superimposed beams
showing dislocations Yssociated with twin bands.
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Figure 3. Two deformation twin variants ‘2 an Fe-l6Mn alloy deformed
50%. (a) Bright field electron micrograph; (b) Selected
area diffraction pattern; (c) Indexed pattern - the pattern
consists of three superimposed reciprocal lattice sections
[125] [121].. twin I, [110]T twin II; (d) Dark field
mlcroéraph of the (lll) twin variant w1th (002) TII twin
beam; (e) Dark field micrograph of the (1T1) twin variant
with (111)TI twin beam.
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Figure 4. Epsilon variants in an Fe-16Mn alloy deformed 20%.

(a) Bright field electron micrograph; (b) Selected area
: diffraction pattern; (c) Indexed pattern - the pattern
consists of three superimposed reciprocal lattice
sections [015] , [0T11] , [1011] ,; (d) Dark field
, micrograph of the (T11)€ variant®with the (10T1}E beam;
; (e) Dark field micrograph of the (11T)_, variant with
the (libijs, beam; Lfl_Dark field micrograph of (llTja,
variant with the (1101)_. beam.

I B




T

Bt hline 5 bl - -

(TR el i

Figure 5. Optical micrograph of Fe-25 Mn alloy deformed 30%.
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Figure 6. Typical region in an Fe-25 Mn alloy deformed 30%.
‘ (a) Bright field electron micrograph.
(b) Selected area diffraction pattern from region A,
(¢) Indexed pattern from region A - the pattern consists
of three superimposed reciprocal lattice sections
_ [110],\(, [12102_, and [110], twin.
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Figure 6 - continued,.

(d)
(e)
(£)
(g)

Dark field image with [002) beam illustrating the
band structure.

Dark field image of the (lll) £ variant with (1011)
beam illustrating the first epsilon variant in (a).
Dark field image of the (111) twin variant with (111}[
twin beam.

Dark field image of the (111) &' variant with the
(1011) beam from the [0111] orientation observed
in a selected area dlffractlon pattern from region B
illustrating the second epsilon variant in (a).
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