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Effect of dynamic blocking of dislocations
by interstitial atoms on mechanical properties
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According to the experimentally approved theoretical calculations it has been estab -
lished, that under some temperature speed conditions of tension of transition metals and
their alloys, a dynamic interaction of the interstitial atoms with dislocations takes place.
This effect leads to strengthening of this materils. The temperature of dynamic interaction
for hydrogen, oxygen, carbon in iron of two modifications and metals of V-A group are
calculated.

CorylacHO TeOpeTUYeCKUM pacuyéTraMm, IOATBEDPKIEHHBIM SKCIEePUMEHTAJIbHO, IMTOKasaHo,
YTO TPU OIPeAeSeHHBIX TeMIIePATYPHO-CKOPOCTHBIX YCJIOBUAX PACTSIKEHUSA IePeXOIHBIX
METaJIJIOB U CIJIABOB Ha WX OCHOBE IMPOMCXOAUT AWHAMHUECKOe B3auMMOjeiicTie aTOMOB BHE[-
peHUs C AUCIOKAIUAMHU, KOTOPOe IPUBOAUT K WX YIPOUHEHWI0. PaccuMTaHbl TeMIEpaTyphl
IUHAMUYECKOT0 B3amMMOIEHCTBUSA MAJS BOAOPOJA, a30Ta, KUCJIOPOAa ¥ YrJjepoja B iKejese
IByX MoambuKamuili u MeTtaanaax V-A TpyIsL.
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Under certain deformation temperature
and rate, the dynamic straining aging
(DSA) of metals occurs. It is due to interac-
tion of impurity atoms with freshly formed
mobile dislocations being generated during
the deforming. This process requires a suit -
able diffusion mobility of the impurities.
Here, the diffusion effect on the loading-in -
duced process is manifested clearly. As a
result, within the temperature range of
DSA development, the plasticity is de-
creased and the material hardening occurs.

As the temperature increases, some proc -
esses occur favoring the metal or alloy plas -
ticity increase and the strength reduction.
The main such processes are the crystal lat -
tice expansion, increase of the atomic vibra -
tion amplitude and diffusion mobility of
atoms, the coagulation and dissolution of
excess structure components, in particular,
of the hardening ones, and, as a result, a
decrease of the dislocation motion resis-
tance. In general, the dependence of the ma -
terial strength characteristics, M, on tem-
perature, T, can be described by relation-
ships [1, 2]
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M = Aexp(Q/RT) and M = Bexp(-BT}, (1)

where A, B, B are experimental constants; @
has the sense of the failure process activa-
tion energy; R is the gas constant per mole.
Basing on Eq.(1), using experimental data
on the strength limit 0, conditional yield
limit 09, and relative elongation &, the
corresponding plots in M(T), 1gM(T), and
M(1/T) can be constructed. In these two
cases, the dependences should be approxi-
mated by linear sections within the tem-
perature ranges of activity of each harden -
ing mechanism controlling the resistance
against plastic deformation of a metal [1, 3].
Experimental dependences evidence, how-
ever, that for all materials, nonlinear sec-
tions are observed in certain temperature
ranges [4—T7].

This effect should be explained by the
influence of interstitial impurities on prop -
erties of metals. This influence is an incon -
testable fact agreeing with most theoretical
concepts of the dislocational origin of the
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Table. Calculated DSA temperature intervals for transition metals

Metal Temperature range, K
Carbon Oxygen Nitrogen Hydrogen
\% 630...800 640...800 750...940 50...65
Nb 770...970 610...770 790...980 20...30
Ta 890...1130 600...750 890...1125 80...110
Fea 450...560 500...620 390...480 160...195
Fey 360...460 710...840 755...910 250...320

metal plastic deforming. According to the
classification presented in [8], the disloca-
tion interaction conditions with dissolved
atoms of foreign elements can be subdivided
into three types: (i) mobile dislocations and
immobile atoms of dissolved elements, caus -
ing the friction resistance of the lattice; (ii)
immobile dislocations and mobile atoms of
dissolved elements, causing the dislocation
blocking by the impurities; and (iii) both
the dislocations and the dissolved element
atoms are mobile, causing the dynamic
straining aging and discontinuous yield
under tension. In the course of metal defor -
mation by tension, the interstitial impuri-
ties can at certain temperatures form at-
mospheres (Cottrell atmospheres) that are
sufficiently mobile to move together with
dislocations [8, 9]. In this case, the metal
resistance against ductile deformation
(manifesting itself as a hardening) must in-
crease. The calculations presented are valid
up to temperatures <1000 K. At high tem-
peratures, the similar atmospheres can be
formed by interstitial atoms.

Thus, the anomalies in G, = f(T), 0y 5 = (1),
0= f(T), Inoc=f(T), Inoc=f(1/T) depend-
ences for transition metals can be associated
with dynamic interaction of interstitial im -
purity atoms with dislocations. Since the
energy required to tear-off a dislocation
from the atmospheres must depend on the
saturation of those with impurities, a con-
centration dependence of the hardening must
be expected, no matter what is the method
used to introduce the interstitial impurity
into the metal. The highest purity vanadium
and niobium show the least pronounced
anomalies in the property variations.

The true rate of a plastic deformation [6] is

()

where L is the total length of mobile dislo-
cations with the Burgers vector b; U, the

mobile dislocation speed; ®, the orientation
factor. The displacement speed of disloca-

€ =00 [,
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tions surrounded with the impurity atoms is
defined by their diffusion [9]:

v =4D/I, (3)

where D is the impurity diffusion coefficient
in the metal; I, the Cottrell atmosphere ra-
dius. For mobile dislocations, L = f [p,
where p is the dislocation density. Typi-
cally, f=0.1; ®=0.5; b=2.48 01078 cm;
[ =10 . Basing on (2), (3), we obtain the
expression for the deformation rate provid-
ing the dislocation interaction with impu-
rity atoms:

€=20102 0D [p. (4)

Thus, the temperature answering to the
maximum influence of an impurity on the
strength is individual for each metal and
depends on the impurity nature through D.
Taking into account the temperature depend -
ence of diffusion coefficient D = Dyexp(—Q/RT)
where @ is the diffusion activation energy;
Dg, the pre-exponential factor; R, the gas
constant, this temperature is defined as

T = Q/Rlge(-2 +1g2 + 1gD,, — 1gg + 1gp)~L. (5)

Since the relation (5) includes the dislo-
cation density value that depends on the
initial state and varies during the loading,
the actual active impurity-dislocation inter -
action occurs within a certain temperature
range. The Table presents temperature in-
tervals calculated using (5) for gaseous im-
purities (O, N, H) and carbon in metals (V,
Nb, Fe, Ta) at dislocation density p varying
from 109 to 1011 cm~2 and the deformation
rate € = 51073 s~1. Other numerical values
in (5) are taken from [10]. It follows from
the tabular data that the hydrogen effect at
the set deformation rate can be expected at
low temperatures (lower than room one),
that is confirmed by the results of this
work. The temperature intervals for vana-
dium associated with carbon, oxygen, and
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nitrogen are essentially the same, thus, only
one anomaly in the temperature dependence
of strength is to be expected for this metal.
For niobium and tantalum, two temperature
intervals are found caused by oxygen and
carbon/nitrogen, respectively. As to iron, two
temperature intervals for the anomalous plas -
ticity reduction are possible.

The deformation rate is a factor of im-
portance in the impurity atom interaction
with dislocations. An increase in the rate
can change substantially the DSA tempera -
ture interval (Fig. 1), in particular, for hydro -
gen, thus changing considerably the mechani -
cal behavior of materials in hydrogen-contain -
ing atmosphere and under rapid deforming.

Technical purity grade vanadium, nio-
bium, and tantalum were examined in ex-
periments as well as their alloys. The ten-
sion strength was measured using a six-po-
sition radial type unit [11] in the spectral
purity grade argon atmosphere at the defor -
mation rate of 51073 s~1. The examinations
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were carried out on annealed specimens and
those exposed for 120 h to purified oxygen
flow at 1073 K in the unit. To control the
gas flow, the 107 Pa pressure was first
provided by oil-free pumping out, then the
pressure was increased to 1074 Pa by leak-
ing in technical purity oxygen, and this dy-
namical flow was maintained during the
whole exposure period.

After the 120 h exposure in oxygen at-
mosphere, the average oxygen concentration
(as determined by vacuum melting) was as
follows (per cent mass): 0.1 in V; 0.08 in
Nb; and 0.06 in Ta samples (in the initial
ones, 0.05; 0.01; and 0.04, respectively).
Concentrations of other impurities remained
unchanged.

Temperature influence on the transition
metal strength was examined in wide tem-
perature intervals at 50 K or 273 K steps.
The deformation resistance of the metals
was determined in different states, namely,
in technical purity grade ones, after the
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Fig. 2. Tension diagrams of VnM2 alloy at
different temperatures. 1 — 293 K, 2 — 573 K,
3-673K,4-7713K, 5§ -1273 K.

standard (recrystallization) heat treatment,
and after exposure to oxygen (Fig. 2).

In temperature dependences of mechani-
cal properties for technical purity vanadium
(VnM2 grade), a maximum for the strength
limit and a minimum for relative elongation
have been found. Within the temperature
interval 500-700 K, the strength limit is
anomalously increased and the yield peak
height rises (Fig. 2). Above 700 K, the
metal strength drops dramatically as tem-
perature increases under simultaneous plas -
ticization (the relative elongation increases
from 25 % at 673 K up to 70-75 % within
the 1073-1373 range). In the temperature
interval 500-800 K, the tension curves
show serration following to the yield pla-
teau; the serration is maximum at 700 K
and disappears completely above 800 K. The
qualitatively similar regularities in tem-
perature dependences of mechanical proper -
ties have been obtained for 45 steel [6],
other transition metals, and their alloys.

Exposure to technical purity oxygen flow
causes changes in o, = f(T), 0y 9 = f(T),
0 = f(T) dependences (Fig. 3). For undoped
vanadium the maximum in 0, rises. The

temperature dependences of 0, and 0 5 for
niobium and tantalum, two maxima appear
at 673 and 873 K as well as the plasticity
minima at the same temperatures, thus con -
firming the DSA temperature interval cal-
culations (see Table).

The Nb—Zr—C alloy characteristics vary in
a similar manner (Fig. 3). Note that for all
the materials, except for Nb—Zr—C-V-Y sys-
tem alloy, a discontinuity in the specimen
yield has been observed accompanied by ser -
ration in tension diagrams. The serration
amplitude and frequency depends on the
test temperature. The maximum tooth
height is observed at temperatures answer -
ing to strength peaks. The plastic yield of
the Nb—Zr-C-V-Y system alloy is discon-
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Fig. 3. Temperature dependences of strength
limit (1, I'), yield limit (2, 2'), and relative
elongation (3, 3') of initial metals (1, 2, 3)
and oxygen-enriched ones (1', 2', 3').

tinuous at above 973 up to 1073 K only.
The serration amplitude and frequency are,
however, considerably lower than those in
tension diagrams obtained at much lower
temperatures for other alloys. The exposure
in oxygen-containing atmosphere results in
an increased serration amplitude at 573 and
873 K but does not influence its frequency
above 873 to 973 K.

The appearance of maxima in tempera-
ture dependences of strength and yield lim -
its as well as of minima in tension curves
above 900 K seems to be related to disloca -
tion interaction with interstitial atoms.

So, in the Nb—-Zr-C alloy, the maximum
in 0, = f(T), 099 = f(T) curves at 1073 K
may be due to excess zirconium in the solid

Functional materials, 11, 2, 2004
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solution. The Nb—-Zr-C-V-Y system alloy
shows also a maximum at 973 K. In this
alloy, the interstitial atoms may be in a
solid solution, too. In the dependences for a
V—Cr binary alloy, there is a pronounced
maximum at 1073 K. The absence of a
strength increase above 900 K for V-Zr-C
alloy is due to a high concentration of in-
terstitial impurities therein. The latter in-
teract with zirconium under formation of a
secondary phase, thus excluding it out of
the solid solution.

Thus, the interstitial impurities influ-
ence considerably the deformability of high-
melting metals up to 0.57,,. The influence
temperature range can be subdivided into
two ones lying above and under the Cottrell
atmosphere formation temperature, respec-
tively. The dislocation blocking occurs in
the first range while the de-blocking, in the
second one. Comparison of calculated tem -
perature values for deformation rate of 103 s1
with experimental data shows a satisfactory
agreement. It is of importance that within
the DSA temperature region, the role of
isothermal exposures in dynamic vacuum,
helium, lithium and sodium melts increases
strongly, as is evidenced by corresponding
maxima in temperature dependences of the
material mechanical properties. According
to calculations, the dynamic interaction of
hydrogen with dislocations must occur at

Buoaus munamiuHoOl

temperatures lower than room one, that is
confirmed in experiment [7].
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Fiz.-Khim. Mek-

B3a€MOOil OMCJIOKAIlili 3 aToMaMHu

YIIPOBAIKE€HHS Ha MEeXaHiIUHi BJACTMBOCTI MeTaJdiB Ta
CILJIABiB.

B.B.lllupoxoe, O.B.Ilagénuna, O.B.lllupoxoé

3rifHO TEOPETUUYHUX PO3PAaXyHKiB, MiATBEPAKEHNX €KCIEePUMEHTAIbHO, IIOKA3aHO, IO 3a
NeBHUX TeMIepaTypHO-IIBUAKICHMX YMOB PO3TATYBaHHA IIepeXiJHUX MeTaJiB i cniaBiB Ha ix
OCHOBi BimOyBaeThCsI AMHAMiuHaA B3a€MO[isl ATOMiB YIIPOBAAKEHHS 3 OUCIOKAIiAMU, SKe
OPU3BOAUTD A0 iX 3MinmueHHs. Po3paxoBaHo TeMmepaTypu AUHAMiuHOI B3aeMoOAii IJid BOIHIO,
a30Ty, KMCHIO, i ByIJIemoo B 3ajisi gBox moaudikaiiit i meranax V-A rpynu.
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