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HARDENING OF STEEL WITH bIG&-SPIIL DEPOEIETICI IN VIDE TEMPEFATURE

BANGE

L.I. Mirkin (Moscow)

ABSTRACT. We kncw Ell that when metal sfecimens collile 4t

relative speeds of 3CO-4C0 3/s Elastic defcruation and strangtbenirg

somewhat exceeding the ccrzespotding values fcr static defcrtaticn

are observed.

It has now become EcssibLe to conduct experiments at impact

speeds which reach several tucusand metets ler second. Massive

specimens of low-carbor steel IC (C.1 o/c C) and technical ircn

(0.06O/O C) subjected tc impact with an indentcr at relative spqede

in a range of frcu 1200 tc 4000 z/s have bete studied. Pricr tc

impact the specimens wet heated in a temperature range cf up to +

7000 C and cooled in a as lc as -1800 C. A cusber of experiments were

also undertaken bith specimeus at rcom temperature.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

* 1 _ _ _ _ _ _ _ _ _ _ _'_-__ _ _'__ _ _ _ _ _ _ _ _ _"
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To analyze results taw investiqation was conducted jointly with

data published earlier cr ctaeL t pes of pulsed hardening of

analogous specimens (therzcuechanacal treatment with dynamic

deformation [2]) hardening unaer the effect ot light pulses frcm a

laser (3], piercing cf 11axes b) an indentor, hardening by explcsicn,

and the combined hardenirg effect cf explosicn and impact at high

speeds [4].

As a result of the impact craters with aFproximately spherical

surfaces were formed ir the specisens.

In describing the effects an crtbogcnal cccrdinate system was

used. The 0Z axis was directea scral to the plane cf the obstacle,

while the OX and OY axes lay parailel to the ;lane cf the obstalce

and the origin of the cccrdinates bas at the crater's apez.

The specimen was cut along the XOZ plane (ir the middle c. the

crater) and deformaticr cf tke zone arcund the crater was studied.

A metallographic method was used alcng with X-ray diffraction

analysis with phctcgrarhic and ionization registration of intensity.

Hardness distribution was measured and the defcrmaticn zone has

estimated by a method ct etching with various reactive agants. END

ABSTRACT.
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The findings were examined in the follcwing crder: a) ccnsta:t

rate of imFact (1200 mol), variacle temperature cf sFecimen (from

-1800 to + 7000 JC), b) constant temperature of specimen (+ 2CcC),

variable sFeed of impact (frcm 1,GG to 4CO0 n/s).

After icw-temperatuxe dezormation curves fer equal hardness

arcund the crater secticn were ;lotted. Analysis of these curves

shows that pulsed deforzatic causes harudess tc increase frov 110to

170-175 Vickers units. here tne form of the iscsklers reprcduces very

well the shape of the cracez.

A metallcgraphic study ravealed that in the case cf

low-temperature deformaticn in the crater regicn a large number of

twins form and grain defcrmation also occurs. Let us note a number cf

perculiarities in the twin structure for the case of Iow-temp=.ratur -

deformaticn under static conditions.

First, twins in the studied case were never continuous end

always took the form cf krcken tands. Ap;arently several 4efcrma-.icn

waves had passed at different sjeeas thrcugt grains ccntainirg brck.n

twins. The first wave at very nigh speed led to twinning defcrmaticr.

The second, at lower velccity, led to the statdard bcmcgeneous

K L'7
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deformaticn of the grain. in this case shear cccured and the result

was broken twins. The seccnd pecullarity in the structure is thp

presence of bent twins (deformaticz band), which are rarely cbserved

in static low-temerpatur. deformation.

Note than in most Srains twinning cccurs in a single system. At

the same time, in the presence of deformatics from a plane exrlcsicr

wave in the same steel tbc twinncz systems it each grain are usually

cbserved.

Figure 1 shows curves representing the change in dimensicns of

the grains along the cccidinate axes. Frcm this we learn that con t"-.

boundary of the crater tie diuecsicns of the grains are dafinite.ly

anisotropic. Under the eftect of cae shock wave the grain acquires a

shape close to elliptical with tie mincr axis cf the ellipse directed

normal to the front of tke shock wave. The dimensions of the grains

in the direction of the CX axis change from SC to 45 pm, in the

direction of the OZ axis - from iO to 40 ps, the ratio cf grain axes

exceeds 3.

It is interesting tc ccupaze these data with the results cf

analogous measurements bhen tne target is at rccu temperature. In the

latter case the limit 6alues or grain diuensicns along the C1 an] CZ

axes were 60 and 25 pa, i.e., detormation cf the grains was

" .- • .. i I .. . . i .- ,' ". . .. ,k. -.'_ .. LI - TT,,A .'h ... ' . ..
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significantly lower. Frca the ditormation cf grains it is Fossible to

approximate the degree c± dsfcroation of the material ty means cf the

Seshinger ratio [6]. Ncte that in this respect the possibility of

mutual turning of the grains in the presence cf plastic defcrraticr

has not been considered. uobever, as a special study conducted by

I.M. Gryaznov (71 revealed, even in the presence of static

deformation at low velccities, the percentage of mutual turning cf

the grains in low-cartcn stael is still insigrificant.

Calculation shows tkat the saximal degree of deformation at

low-temperature impact bas i30o/c. For ccupariscn we might pcint out

that after a defcrmatica scuewnat exceeds yield defcroaticr an

analogous calculation gives cs a value of crly 10 0/o. Deformaticn,

in fact was even greater, since the calculations did nct consider

twinning effects.

To estimate the ccntributicn of the twinning effect curv.s were

plotted to represent the relative number of tuins alcng the CZ axis.

This curve is also shoun iu fig. 1. From it we see learn muorq than

50c/o of the total nuater of twins lie within the limits of 1.5 or cf

the apex of the crater. The tblns are preserved even at a distance

frcm the crater at which the dimensions cf the grains cease to

change.

-' -
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This finding also aj~eazs to confic the hypothesis of the

passing of several defczsaticn baves at different velocities and

intensities. waves at high velocity cause tuirning processes: waves

at low velocities cause gain deforation; das~ing of waves with high

speed occurs at greater distances. It shculd k pointed out that,

despite the high impact speeds, no softenina effects, indicating

heating cf the crater suLface, here observed.

An X-ray structural study with photographic registration of

intensity revealed that the line cn the X-ray phctograph (fcr

example, line (220) in the case of reverse phctcgraphy with the

emission of an iron ancce) is sclid at the crater's apex and somewhat

expanded, but with distance narrcws to a line characteristic for the

X-ray pictures of annealea low-carton steel.

Photography with icnization registraticn of the intensity and

and rapid rotation of the specimen in its plane revealed that tle

effect of expansion of tte line, even at great reflection alngles, is

not great. With the selectea ty~e cf geoetrical phctcgraphing

conditions the width of the line (i20) at the crater constitutes

13.5-10"3 rad and 11.2*10'" at a distance ct 16 ii frcm the crater.

Estimation of the fine structural elements in the case of such small

changes is unreliable.



DOC = 0231 FAGE 7

When the collision is at rco temperature (+20 0C) a crater of

somewhat greater depth is ±crued and the findings fcr grain

dimensions and the nuakez ox twins in the crater qualitatively

analogous to those presented abcve for the case cf icy-temperature

deformaticn.

Sharp qualitative difterences are observed in high-temperature

(+7000C) deformation. Incraasd hardness in the crater region in this

case constitutes 90-100 kg/amn. The magnitude cf the effect is

greater here than it is for collisions at rcca temperatur, and a lcw

temperatures (-1800C). in the crater region there is a rapid drop in

hardness. With distance frca the crater the race cf this decline in

hardness slackens.

A metalloqraphic study showed that in the material arcund the

crater three clearly defined stiuctural zones can be distinguished.

Cn the crater surface is the zcne cf small equiaxial grains. The

thickness of this zone along the 02 axis, i.e., at the bottcz cf tle

crater, constitutes 0.3 i. Beycrd it lies the zcne cf large grains

which extend in a directicn tangential tc the surface of the crater.

The thickness of this 2cze at the bottom of the crater is 1.5 mm. The

third zone is that of equiaxial territic grairs (original structure).

The total thickness cf the zcne with the altered structure at the

edges of the crater is aiprcximately half that cf the bcttcm.
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The results obtained ty ed.suxing grain dimensions are ;res.rted

in Fig. 2. From the diagram we learn that at the edge of the crater

grain dimensicns are szall (atout 10 pm) and equal in bcth

directions. With distarc6 from the crater's edge grain dimensicns

increase in both directicns, although in the direction of the CX axis

(tangential to the crater's surface) this increase is much mcre raFid

than in the direction cl 02. As a Lesult there develop extended

grains with an axis ratic ot apjroximately 3. After this the

nonequiaxiality cf the grains gradually decreases, and at a distarce

of about 3.5 mm from tke czatez there begins the original equiaxial

structure with a grain *ize of abcut 30 m.

In high-temperature detormaticn the twic fcrmaticn

characteristic of defczaticn under the same ccnditicns at rccm and

lower temperatures is rct ctsezved. tf we ccafare the dimensicns of

the zones with altered micrcstructure with zcnes which have alterel

hardness, then we learr that the dimensicns ci the zcne cf alte:ed

hardness are significartly gieathez than thcse cf the zcne in which

the microstructure has ckan.ed. The dimensicn-e cf the deformation

zone obtained by macrcetcning ccincide with ttcse of the zcne ct

increased hardness.
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In X-ray photographzs (irradiated area abcut 21am2) taken in the

undeformed region the Ceye rings consist of individual spcts

indicating a large-graired structure. As we aEproach the crater the

spots become blurred (5.5 as frcucrater). This corresponds to the

absence of visible changes in micrcstructure and an increas, in

hardness by 20 kg/mm2 at a distance of 2.5 is frcm the crater (zon .

of extended grains - hardness ircreased by kg/sW2 ). Along with the

spots on the X-ray photcgraihs a solid ring arpears. Nearer the edcs

cf the crater the lines ca the Lebye pictures appear in the fcrn cf

blurred rings.

Registration of tke X-ray lictures ty the ionization methcd

shows that in the regicn of the crater (up to 2.5 mm frcm the cratsr)

there is a certain increase in the thickness cf the lines on the

pictures. An analysis c± the elements of the fine crystal structrue

revealed that in the region cr the crater the dimensicns of the

blocks decline somewhat Ifrou 1.5 to 1.8.10"5cm) and the density of

defects increases (frow C.8 tc 1.5.101o cM 2 ) . This is almost within

the limits of accuracy of the measurements. At the same tire a

significant increase is coserved in micrcdistcrtions (from O.C3 tc

O.C6-10"2), even though the atsclute value cf these hicrodistcrtions

is not great. It should be noted that, as a result of the relativaly

large dimensions of the lzradiated surface, these data refer also tc

the extended grains.
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Thus, impact at high temperature apparently leads to the

following effects. In the region Girectly adjacent to the crater's

surface recrystallizatics cccurs with the fcrlaticn cf small

equiazial crystals. The irocess is, in fact, even more complex than

standard recrystallizaticn, since chs hardnes of this zone is

significantly above that or to small-grained recrystallized ferrit-.

At greater distances frcs to crater there is not sufficient

energy for recrystalli2ation during such a short tine interval, and

plastic deformation cccuis. In this case plastic defcrmaticn cccurs

with only microdistorticts and bithout ncticeable crushing of the

blocks. Finally, in a Zone more distant let frc the crater crly tte

properties of ferrite crystals charge. Tbeir fici dces not. One can

anticipate that a sharp increase in the rate cf impact will have the

same effect as an increase in tepearature.

Presented below are tne findings for a specimen of techrical

iron after impact at a tats or 4400 a/s.

flacroetching of a zarer section reveals three distinctly

colored regions. Zones I and 3 inulbered frc crater surface) ar-

lighter than zone 2. Data ci metallographic studies shcw sharp
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differences in the structures of these zcnes. photomicrcgraphs of the

characteristic zone regicas are4 jresented in fig. 3.

Analysis of the phctcmicxo~rajhs shows that zone 1, which is

nearest the crater, consists cf ajjrcxiuetely equkaxial grains, the

grains at the very edge cf the crater being sceewhat larger. The

following zone (zone 2), sharplyj demarcated fiom the first, ccnsists

of grains which extend in the directicn tangertial to the surface cf

the crater. Under high sagnification we see that those grains have a

structure reminiscent ct tine twins.

with distance from tUs crater surface the ratio of the axes cf

extended grains decreases and very distinct twins appear in them.

Here we frequently observe bXoKGB twins Izone 3). Still furtiter frce

the crater surface the cumber 0± twins in egulaxial grains teccaes

even lower. No more than one twin system is observed in the grains,

and there is a gradual tiansitica to the original pclygcnal structure

(zone 4).

we should mention here that zone 3, which contains twins,

extends to a very great depth within the specimen. Uhereas the

thickness of zone I constitutes accut 0.03 on, and that of zcne 2

equals 0.5, zone 3 extends to a depth of several centimeters.

inspection of a large area of the microsccfic section shows that the
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cumber of twins in the structure is somewhat greater than nortal oven

at distances of about 1C cm fron tke crater.

The hardness of tte original specimens bas 160 kg/mm2, ard ever~

in zone 1, containing equiaxial grains, hardness bas 200 kg/mu',

i.e., 40 kg/mu' abcve that of the criginal uatecial. Very high

hardness values were oktained in zone 2. The hardness of 380 kg/mm 2 ,

revealed in this zone, is 220 kg/mm' higher tkan in the original

material. Finally, in zone 4 hazdness constitutes 239 kg/mm', i~e..

it is 60 kg/,uz greater than !a the original gaterial.

The X-ray structural study, as one rfight expect, did not reveal

any new phases in the region aicund the crater.

To study changes in dimensions and the orientation of crystals a

method of azimuthal scanning of live (110) (Cebye ring) was used. The

technique used in analysis is described in [8). in the case cf a

fine-grained structure, 1,e., a large number cf grains with randcr

crientation in the irradiated volume of C.5 X 0.05 nm, the curve

representing the dependccd of the intensity cf reflectin frcu the

azimuthal angle a should ne hcrlzontal. In the presence of texture in

the material symmetrical maxiu4 appear on this curve. Finally, in the

case of large-grained stxuczuzre wb.;h discrdmred orientaticn cf

crystals maxima which have no order should te observed. The results
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of this registration are snoba xn jig. 4.

As we learn from the diagrams representing the azimuthal

involute of the intensity curve, in zone 1, ubich contains fine,

equiaxial grains, the curve contains several mere or less discrdered

maxima, i.e., the blcck structuxe is relatively fine and does net

reveal any prevalent orientatior. In zone 2 ere can expect tte

appearance of distinct texture maxama and dips tetween them cr, if a

prevalent orientation is absent , tae appearance cf distinct tut

disordered maxima. The cttalned curve is in fact characteristic cf a

specimen with very swa]l crystal dimensicn and fine texture, i.e.,

the large grains visible in the Ehctcoicrcgrarh are trcken dcun irtc

blocks.

Characteristic cf zCne 3 dre uaxima on the curve of the

azimuthal involute and fcr zcne 4 - increased height and distinctness

cf these maxima. Let us point out that even ttcugh the shapes and

dimensions of the grains in zones 3 and 4 visitle in the micxcscce

are approximately identical, the aEpeararce cf tbins leads tc an

increase in disorientatica tithim the grain, as we learn from the

X-ray photcgraphs.

The dimensions cf the blocxs 0 (10-s cm), the density of defects

in the crystal lattice p (1O1 cm-J) and micrcdistortions a a/a were,
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respectively, in zone 1 - > 5, < 0.1, < C.01; in zone 2 - 1.i, 2.0,

C.C5; in zone 3 - 1.4, 1.,i, 0.04.

Here it should be senticned that although the tendency tcward

change on the part of elements ct the fine crystal structure

coincides with the directicn ct changes in hardness, in absolute

value the roentgen effects are comparatively small. Deformaticn cf

the iron (rolling with higa degrees of reduction, for example) makes

it possible to obtain icrE intraSive crushing cf the blccks ard an

increase in micrcdistrcticns and density of defects with

substantially less increase in hardness. Apparently in static

deformation and deformaticn by lajact waves tkere are substantial

differences in the form cf the distribution of dislocations %hich

cannot be detected free tne expansion of the line in the X-ray

photographs.

These results enable us to schematically represent processes

which occur in iron under impact. Apparenlty at the the speed cf

impact employed (400 m/s) the release of enercy at the acment cf

impact is so great that there occurs not only beat literaticn

sufficient for vaporizaticn ct part of the material and the

develcFment of a crater, tut al-c a recrystal312aticn in the thin

surface layer as the result or the high temperature gradient in the

remaining portion of the specimen.

U ,,, AIL
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The analysis of the aicrcstructure cf zcme 1 discussed atove

shows that not only Erccessing reczystallizaticn cccurs, but also

partial collective recrt.stallizaticn as well. ibis is followed by

zone 2. which consists cf aeforued grains witk a gound structcre,

internal distcrtions, aid increasEd defect dersity. Here the

existence of a very sha[l boundary between the first and seccnd

zones, which points to a drastic change in temFerature and Fressure,

will certainly |e cbserved.

Finally, zone 3 has a structure usually cttained in dynamic cr

explosive deformation. A peculiarity cf the structure in this case is

the presence cf cne and sometimes two directics on the part cf th .

twins in the grains, at the same tise that defcrmation by explosicn

is characterized by the existance cf 2-4 twin directions.

If we compare this virn re deformation cf a planar explcsicn

wave, then we learn that according to the data of [9] and cur data

[4], right up to shock %ave Eressures of 55C kbar a microstructure

characteristic of zone 3 (in our case) is otserved. At the sari tire,

in the presence of an irtensive beat pulse frce the light team of a

laser, as demcnstrated in L5 3, by outward analogy with the effect cf

high-speed impact (fcrraticn cf crater) the thermal effect is

SUi
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significantly greater, acd there develop seccrdary hardened

structures characterizec tk a vay high degree cf hardness (up to

1500 kg/auz, fcr example for lcu-carbon steel).

With respect to tte magnitude of energy released cn the crate:

surface per unit time, the studied case is ararently intermediate

tetween that cbserved at IGw inpact sFeeds cr the effect of plane

shock waves with an intersaty of less than iCG kbar and the effect of

powerful light energy.

Qualitative explanations tox hardening in the presence cf the

interaction between an icdenatcr and a seni-infinita steel cbstacle

can be obtained on the tasas of the Horntogen model [10], which was

used earlier to analyze Irocesses hhich cccur in a shock wave. The

main difficulty in descrbing the process lies nct in explaning the

development of dislocaticus upon passage of tke shock wave, tut in

explaining the process cf k£esezvation of high dislocation density

after removal of the Iced irca the material.

The compressed regicns of the crystal associated with

dislocations lie withir the conizession wave, and density is equal tc

the difference between the vcluse inside and cutside the shock wave.

It is assumed that disiccaticn loops fcza as the shock %ave
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passes through the crystals. The formation of a screw dislocation in

each crystal during this process is illustrated by the diagrai in

Pig. 5.

It should be menticred that the amplitude of the shock wave in

the above experiments exceeded the value of the yield Feint by more

than one order, since the detcrmation energy was quite sufficient for

the formation of new dislccatious.

An experimental study which euployed a tratsmission type

electron microscope (1C] shows that the dislccaticns lie in two

directions <111> in plane 1110}, regardless cf the crientaticn of th

shock wave front in relaticn to tnat of the crystals. The boundary

components of the dislccarion locps in the diagram move at a speed

approximating the speed cf the shcck wave frcrt, since their

compression zone (half-skace) tcrms the zone cf the ccmpressicn wave.

The heliccal components cf the loops in this case remain in placi,

and their length increases ds tte boundary coaponents pass through.

The loss of energy in the wave is in this case proportional tc the

length of the screw pcrticns of the dislocations.

From Fig. 5 we learn that the boundary components of the loops,

which are inclined in relaticn tc the shcck wave frcnt, move within

the front, but in different directions. 1he Eurgers vector of the

A _ _ _ _ __ _ _ _ _
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helical dislocations can te cotained by analyzing the position of the

boundary dislocations in tnh saccA wave front.

The helical dislocations which remain at the shock wave front

may interact in two ways. The helical pcrticrs cf the dislocations of

the same loop have different signs and can be annihilated if they are

toc close. Helical dislocations lying within two different Iccps in a

single plane of type [110] take the directicra cf the Burgers vectcr

shown in Fig. 5. They can form ncdes through the reaction:

2 21

It should be menticned that the density of dislocaticns after

the shock wave front has passed is not as great as might be Exp2cted

in the individual voluxes during ccmpressicn cf the material ty shock

waves. Therefore, both tke reactics of loop ccompression and the

reaction cf nods formaticn cccux behind the shock wave front.

Noreover, the studied mcCei does uct ccnsidex tle change in tehavicr

of disloactions at speeds aFFrozimating the speed of sound in the

vaterial.

Because of the increased protability of the development cf

packing defects under pulsed aacczaaticn it fcllcws that the density

of partial dislocaticns wi.Il also increase, i.e., that thera will

occur dissociation of tctd dislccations into partial. £n this



DOC a 0231 EAGE 19

respect we observe a similarzzy hazween defcroaticn effects under

theruomechanical hardenirg [11] and shock wave treatment. Hobever all

roentgen effects and hacdeniny under thermosechanical treatment ef

steel of the same coepcsiticn with the use cf dynamic deformation at

rates of 5 m/s and hardening Lquenching] are higher than after shcck

wave deformation [2]. It saculd also be noted that the cbserved

effects way have the same cider as in the hardening [quenchirg] cf

steel and a somewhat hi~ar cider than in static defcrmaticn bith

high degrees of reducticc.

Finally we must mention the tact that the scurce of softenizg of

the material at very high deformation rates may be the existence cf a

limiting rate of movesert Gn tne part of the dislccations, atove

which, as demonstrated b) A.A. 2huxhovitskiy and P.A. Krishtal [12,

destruction, rather thar hardening of the material, should occur. It

appears that in all ezpeziments described abcie the deformaticn rate

considerably exceeds tbis liui value.

Conclusion. Low-tepaerature {-180 0C deformation cf low-carbcn

steel at impact speeds cf 1,00 a/s leads to the develcpment cf a

spherical twin structure and grain deforuaticr. High-terperaturq

(+7COC) [sic] pulsed detcraaticn provides additional

recrystallization effects. increasing the impact speed up tc 4000 T/s

at room temperature results qualitatively it the same pattern as

I _______________ _ II.' , " -I....
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bigh-tem~erature defcrtatacr, dt 10i- speed. The results of X-ray

structural analysis and geta11ogxaphic study cf the deformed zcDS

coincide with the dislccati.ca ucdels of sbcck wave effects or~ metal.

Received 20 January 196G.
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Fig. 1. Distribution of grain aimensions d alcng OX axis (curve 1)

and OZ axis (curve 2) and relative number of twins n along Z axis

(curve 3) with distance tzcu apax cf crater in steel St. 10 (impact

at -180 0 C, 1200 m/s). Key: ps, an*

Fig. 2. Distribution ct grain dinensicns in isFact zone in steel St.

10 (impact at * 700 0C, liUo m/s): 1 - grain dimensions along CX; 2 -

grain dimensions along CZ; J - ratio of grain dimensions X/Z alcng CX

and OZ axes.
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Fig. 3. Microstructure ct i.zcn after impact at speed Cf 4000 zs X

200: a -zcne 1 of recr~staliized grains; b - zcne 2 ct detcried .

grains with~ twins; c - zcne 3 ot equiaxial grains with twins; d-

criginal structure (zore 4).-
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Fig. 4. Curves of azimuthal aistritution of intensity of line (110)

cn roqntgenograms of difiazenz zcnes in regicn cf crater: a - zcne 1

of recrystallized grains, t - zcne 2 of defcrged grains with tvins, c

- zone 3 of equiaxial grains with twins, d - criginal structure (zcne

')

Fig. 5. Diagram of dislccaticn formation in Ircn and steel during

passage of shock comnressicn wave: I - bcundary components uc ing

inside comFressicn wave trcnt, A - compressico wave front scving in

direction of [1001, 3 - helical dislocations which remain tekind

compression wave front aad 12e is Flane [101).
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