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HARDENING OF STEEL WITH BIGH-SPEEL DEPOGEATICN IN WIDE TENPEFATURE

BANGE

L.I. Birkin (Moscovw)

ABSTRACT. We kncv (1] that when setal specimens collile at
relative steeds of 3C0-4C0 m/s plastic defcramation and stranctherirg
somevhat aexceeding the ccrresponding values fcr static defcrsaticn

are observed.

It has nov become fcssible to conduct experiments at imrpact
speeds vhich r2ach several thcusand metetrs fer second. Massive
specimens of lov-carbor steel 1C (C.1 o/c C) and techpical ircn
(0.060/0 C) subjected tc impact with an indeptcr at relative sgeeds
in a range of frcm 1200 tc 4000 s/s have beer studied. Pricr tc
impact the specimens were¢ heated in a temperature ramnge cf up to +
700°C and cooled in a as lcw as -180° C. A ruskber of experiments were

alsc undertaken with sfecimens at rcom tesmperesture.
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To analyze results taw investigation vas conducted jointly with

data published earlier fcr ctner types of puleed hardening of

analogcus specimens (thersmcaechanical treatsent vwith dynaaic

deformation {2 ]) hardening unaer the effect of light fpulses frcm a

laser (3], piercing cf flazes b) an indentor, hardening by exglecsicn,

and the coabined hardeniry effect cf explosicn and impact at higt

speeds [4].

As a result of the iapact craters with approxisately spherical

surfaces were formed ir the specisens.

In describing the effects an crthogcnal cccrdinate systec was

used. The 0Z axis was directeéa acrsal to the rlane cf
vhile the 0X and OY axes lay parailel to the gplane cf

and the origin of the cccrdinates sas at the crater's

The specimen was cut alcny the X0Z tlanme (ir the

crater) and deformaticr ¢f tte 2cne arcund the crater

the obstacle,
the obstalce

apex,

middle cf tthe

was stuydied.

A metallographic sethod was used alcng with X-ray diffraction

analysis with phctcgraphic and ionization registration of intensity,

Hardness distribution was seasured and the defcrmaticn zone sas

estimated by a method ¢t etchbing with various reactive ag2ants. END

ABSTRACT.

Prr——
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The findings vere eiamined in the fcllcwing crder: a) ccnsta:zt
rate of impact (1200 mw/s), variatle teaperature cf specisen (fros
-180° to ¢ 700°JC), b) ccastant teaperature of specimen (¢ 2(€C),

variable speed of iagpact (frcam 146C to 4C00 m/s).

After lcw-temperature dectormation curves fcr equal hardness
arcund the crater secticn were plotted. Mnalysis of these curves
shows that pulsed deforzaticp causes harrdess tc increase frcs 1190 to
170-175 Vickers units. Here tne form of the iscsklers ceprcduces very

well the éhape of the ciater.

A metallcgraphic study ravealed that in the case cf
lov~temperature deformaticn in the crater regicn a large numkter of
tvins E&rn and grain defcrmation also cccurs. let us note a number cf
perculiarities in the twin structure for the case of low-temperature

deforsaticn under static ccnditions.

Pirst, tvins in the studied case vere pever continuous and
alvays took the form cf Lkrcken tands. Aprarently several defcrmazicn
vaves had passed at different speeas thrcugk crains ccntainircy brcken

twins. The first wave at very anigh speed led tc twipning defcrmaticr. i

The second, at lovwer velccity, led to the stardard hcmcgenecus
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deformaticn of the grain. In this case shear cccured and the result
wvas broken twins. The se¢ccna peculiarity in the structure is the
gresance of bent twins (deformatict band), which are rarely cbserved

in static lov-temerpatvre deforsaticn.

Note than in most graians twinning cccurs in a single system. At
the same time, in the presence cf deformaticrc frcm a plane explcsicr
wave in the same steel twc twinpirg systess ir each grain are usually

cbserved.

FigJure 1 shows curves represaating the change in dimensicns cf
the grains along the cccrdinace axeés., Prce this ve learn that cn t*s
boundary of the crater tie dimensicns of the grains are dafinitely
anisotropic. Under the gefrect of tne shock wave the grain acgquires a
shape close to elliptical with tite mincr axis cf the ellipse directed
normal to the frcent of tte shock wave. The dimensions of the grairns
in the direction of the CX axis change from SC to 45 um, in the
direction of the 0Z axis - frecm <0 to 40 um, the ratic cf grain axes

exceads 3.

It is interesting tc ccasgaze these data with the results cf
analogous measurements whén tae target is at rcca temperature. In the
latter case the limit values ct grain dimensicns along the CX ani (CZ

axes were 60 and 25 Lm, i.e., deformation cf the grains was
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significantly lower. Prca the deétormation cf grains it is possible to
aprroxisate the degree ct defcrsation of the saterial ty nmears cf tte
Reshinger ratio [6). Ncte that i1p this respect the possibility of
sutual turning of the grains in the presence cf plastic defcrraticr
has not been considered. mosever, as a special study conducted by
I.M. Gryaznov [7) revealed, even in the rresence of static
deformation at low velccities, the percentage cf mutual turniog cf

the grains in low-carbcn stéed is still imsigrificant,

Calculation shows tltat the maximal degree¢ of defcrmation at
lov-temperature impact sas <30o0,c. Por ccerariscn ve aight pcint out
that after a defcrmaticn scmewnat exceeds yield defcreaticr an
analogous calculation gives ¢s a value of cely 10 osc. Deformaticn,
in fact vas even greater, since thé calculaticns did nect consider

tvinning effects.

To estimate the ccntributicn ¢f the twinning effect curves were
plotted to represent the relativé number of twims aleng the CZ axis.
This curve is also shosn iu Pig. 1. Prom it we see learn acre than
€0c/o of the total numter of twins lie within the limits of 1.5 rr cf
the apex of the crater. The tsigs are preserved even at a distance

frcem the crater at which the dimensicns ¢f the grains cease to

change.

,
= P T e .
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This finding alsc apgears to confirs the bypothesis cf the
rassing of several defcrzaticn waves at different velccities and
intensities, Waves at high velocity cause twirning frocesses; waves
at low velocitiss cause grain deforation; damging of wvaves with high
speed occurs at greater distances. It shculd te pcinted out that,
despite the high impact sgeeds, nc softenrina effects, indicating

heating cf the crater surface, were observed.

An X-ray structural study wich photcgraghic registraticr of
intensity revealed that the line cn the X-ray phctograph (fcr
exasple, line (220) in the case of reverse phctcgraphy with the
emission of an iron ancée) is sclid at the crater's apex and somewhat
expanded, but with distance narrcws to a line characteristic for the

Y-ray pictures of annealea low-carkton steel.

Photography with icnization registraticn cf the intensity and
and rapid rotaticn of the speécizen in its plane revealed that tre
effect of aexpansion cf tte line, even at great reflection alngles, is
not great. With the selected tyge cf gecne;rical phctegraghing
conditions the width of the line (220) at the cratef constitutes
13.5¢10°3 rad and 11.2¢10°3 at a distance cf 16 sx frcm the crater.

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

changes is unreliable.
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dhen the collision is at rcos teararature (+20°C) a crater of
somsvhat greater depth is fcrsed and the findings fcr grain
dimensions and the numkter or twins in the crater qualitatively
analogous to those presented abcve for the case c¢f lcw-temperature

deformaticn.

Sharp qualitative differences are olkserved in high-temperature
(+7C09C) deformation. Incraasd bardness in the crater region in this
case constitutes 90-10C kg/sm2, The magnitude cf the effect is
greater here than it is for collisions at rccm temperatur2 ané a lcw
temperatures (-180°C). In the crater region there is a ravid drop in
hardness. With distance frca the crater the pace c¢f this decline in

hardness slackens.

A metallcgraphic study showad that in the material arcund the
crater three clearly defined structural zones can pe distinqguishad.
Cn the crater surface is the zcpe ¢f small equiaxial grains. The
thickness of this zone alony tne CZ1 axis, i.e,, at the bottcr cf ttre
crater, constitutes 0.3 sas. Beycnd it lies the zcne cf large grains
wvhich extend in a directicn tangential tc the surface of the crater.
The thickness of this 2cre at the bottom of the crater is 1.5 rm. The
third zone is that of eguiaxial ferritic grairs (original structure).

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

edges of the crater is apprcximately half that cf the becttcon.
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The results obtained ty seasuring grain disensions are preszarted
in Pig. 2. From the diagram we learn that at the edge of the crater
grain dimensicns are szall (aktout 10 um) and equal in bcth
directions. With distarce from the crater's edge grain dimensicns
increase in both directicns, although in the direction of the CY axis
(tangential to the crater's surfaceé) this increase is auch ascre ragid
than in the direction ¢f 02. As a result there developr extended
grains with an axis ratic of apgroximately 3. After this the
nonequiaxiality cf the graians gradually decrezses, and at a cdis*tarce
of about 3.5 mm from tke crater there begins the original equiaxial

structure with a grain size cf abcut 30 im.

In high-temperature deétormaticn the twir fcrmaticn
characteristic of defcmaticn under the same ccnditicns at rccm and
lover temperatures is rct ctserved. If we ccofare the dimensicns of
the zones with altered micrcstructure with zcnes which have alterel
hardness, then we laarr taat the dimensicns cf the zcme cf altered
hardness are significartly yreatber than thcse ¢f the 2cne in which
the microstructure has chanced. The dimensicns ¢f the deformation

zone obtained by macrcetcning ccincide with ticse of the zcne cf

increased hardness.
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In X~-ray photogragbs (irradiated area abcut 2»m2) taken in ths
undefcrmed region the Cekye rings consist of individual sgpcts
indicating a large-graired structure. As ve apgroach the crater the
spots become blurred (5.% ms frcacrater) . This ccrresgonds to the
absence of visible changes in micrcstructure and an ipcrease in
hardness by 20 kg/mm2 at a distance of 2.5 sz frca the crater (zorn=
cf extended graipns - hardness ircreased by kg, mm2). Along with the
spcts on the X-ray photcgraphs a sclid ring eppears. Nearer the e€dce
¢f the crater the lines cn the LCebye pictures agpear in the fcra cf

klurred rings.

Registration of ttke X-ray rictures Lty the icnizaticn metkhcd
shows that in the regicp of the crater (up to Z.S me frcm the crater)
there is a certain increase in the thickness cf the lines on th2
pictures. An analysis cf the e€lements of the fine crystal structrue
revealed that in the regicn ct the crater the disensicns of thke
tlocks decline scmewtat {frcs 1.5 tc 1.,8¢10"Scw) and the density of
defects increases (fram (.3 tc 1.51019 cpn=2), This is almost within
the lipmits of accuracy cf the measurements. At the same time a
significant increase is coserved in micrcdistcertions (from G.C3 tc
0.C6e1072), even though the atsclute value cf these microdistcrtio=as
is not great. It should ke noted that, as a result cf the relatively
large dimensions of the izradiated surface, tkese data refer alsc tc

the extended grains,
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Thus, ispact at hiyb tesgerature apparently leads to the
follovwing effects. In the reyion airectly adjacent to the crater's
surface recrystallizatict cccurs with the fcrsatico cf ssall
equiaxial crystals. The process is, in fact, even more cosplex than
standard recrystallizatica, since the hardnes cf this zcne is

significantly above that or tne small-grained recrystallized ferrite,

At greater distances frca tae crater there is nct sufficient
energy for recrystallization duriny such a shcrt tise intarvel, ané
rlastic deformation cccurs. In this case plastic defcrmaticn cccurs
with only amicrodistorticcs and witbout ncticeable crushiny of the
blecks. Finally, in a zcne more distant yet frcas the crater crly ¢tte
properties of ferrite crystals change. Tteir fcrs dces noct. Cne can
anticipate that a sharp iancrease i1n the rate cf impact will have the

same effect as an increase in teagserature.

Presented below are tne findings for a specimen ¢f techrical

iron after impact at a rate or 4Ju0G wm/s.

Macroetching of a ctater section reveals three distinctly

coluored regions. Zones 1 and 3 (pusbered frcws ctrater surfac2) are

lighter than zone 2. Data ci metallograpbic studies shcwv sharg
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differences in the structures of these zcnes. Bhotomicrcgraphs of the

charactaeristic zcne regicns are presentaed in Fig. 3.

Analysis of the phctcsicrographs shows tkat zone 1, which is
nearest the crater, consists cf apprcxisately equiaxial grains, the
grains at the very edge ¢f the crater being scmevhat larger. The
following zone (zome 2), sharply demarcated frcs the first, ccrsists
of grains which extend an the directicn tangertial tc the surface cf
the crater. Under high sagnificaticn we see that these grains have a

structure reminiscent ¢t tine teias. '

With distance frcm tane crater surface the ratic cf the axes cf
extended grains decrease¢s and very distirct twine appear in thea.
Here we frequently ckserve brokean twins (zone 3). Still furtter frce
the crater surface the tumber ot twins in eguiaxial grains Leccoes
even lower. No more that cne twin system ies ctserved in the grains,
and there is a gradual transiticm to the oricinal pclygcnal structure
{zone 4).

We should menticn here that zcne 3, vhich.ccntains twins,
extends to a very great depth within the specimen. Whereas the
thickness of zone 1 constitutes apcut 0.C3 am, and that c¢f zcne 2

equals 0.5, zone 3 extends to a degth of several centinmeters.,

Inspection of a large area cf tke sicrosccpic secticn shows that the
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nusber of twins in the structure is somevhat greater than noreal ever

at distances of akout 1C ¢cm fros tke crater.

The hardness of tte criginal speciaens was 160 kg/osm2, ard ever
in zone 1, containing equiaxial grains, hardpess vas 200 kgy/2n2,
i.e., 40 kg/mm2 abcve that of thée criginal saterial. Very bigt
hardness values were oktained in zcne 2. The bardpess of 330 kg/mnm2,
revealed in this zone, 1s 220 kygsams?2 highber ttan in the origiral
material. Finally, in 2zcne 3 hardness constitutes 239 kg/am2, i.e€.,

it is 60 kg/mm2 greater than in the original saterial.

The X-ray structural study, as one gight exgect, did not reveal

any nev phases in the regicn arcund the crater.

To study changes in dimensions and the corientation of crystals a
néthod of azimuthal scarping cf lipe (110) (Cebye ring) was usad. The
technique used in analysis 1s described in [8]. In the case cf a
fine~grained structure, i.e., a large nusber cf grains with rarndcr
crientation in the irradiated volume of C.5 X 0.05 am, the curve
representing the depencerce ¢f the intensity cf reflectin frcom the
azisuthal angle a shculd pe hcrizcntal. In thé presence of texture in
the material symmetrical saxima appear on this curve. Finally, in the

case of large-grained structure with discrdere¢d crientaticn ¢t

crystals maxima which have no order should ke ckserved., The resuls




DCC = 0231 EAGE 13

of this registration are saown 10 Fig. 4.

As we learn fros the diagrams representing the azimuthal
invoiute of the intensity curve, in zone 1, wktich ccntains fire,
equiaxial grains, the curve ccntains several gcre or less discrdered
saxima, i.e., the blcck structuré is relatively fine and does nct
reveal any prsevalent orieantaticrt. In zone 2 cre can exgpect tte
appearance of distinct texture maxisa and digs tetween them cr, if a
frevalent orientation is absent, tne appearance cf distinct tut
disordered maxima. The cttained curve is ip fact characteristic cf a
specimen with very srall crystal dimensicn anéd fine texture, i.a.,
the large grains visible in the ghctcwmicrcgraph are trcken dcwn irtc

blocks.

Characteristic c¢f 2cne 3 are saxima on tke curve of the
azisuthal involute and fcr 2cne 4 - increased height and distinctness
cf these maxima. Let us fpoint out that even tkcugh the shapes and
dimensions of the grains in zonés 3 and 4 visitle in the wmicrcsccege
are approximately identical, the appeararce cf twins leads tc an
increase in disorientaticn withio the grain, as we learn fros the

X-ray photcgraphs.

The dimensicns cf the tblocks L (10°S ca), the density of defects

in the crystal lattice g (1019 ca~2) and micrcdistortions 4 asa were,
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respectively, in zone 1 - > 5, < 0.1, < C.01; in 2zone 2 - 1.2z, 2.0,

C.CS: in zZcne 3 - 1.“. 1.‘" 0.0'4.

Here it should Le senticned that although the tendency tcward
change on the part of elements cf the fipe crystal structure
coincides with the directicn ¢f changes in hardsess, in absolute

value the roentgen effects are comgaratively small. Deforazaticn cf

the iron (rolling with hign deégyrees of reduction, for examcle) wmakes

it possibla to ottain w¥cre intetsive crushing cf the blccks ard an
increase in micrcdistrcticns and density cf defects with
substantially less increase in bardness. Apparently inpn static
deformation and deformaticn Lty iapact wvaves titere are substantial
di fferences in the fcrm c¢f the distribution c¢f dislccations shich
cannot be detected from tne expansion of the line in the X-ray

rhotograghs.

These results enakie us to schematically represent grocess:s
which occur in iron under isgact, Apparenlty at the the sgead cf
impact emrloyed (400 m/s) the release of enercy at the acment cf
imspact is so great that there cccurs not only heat literaticn
sufficient for vaporizaticn ¢t gart of the saterial and the
develcpment of a crater, Lut alsc a recrystallizaticnm in the thin
surface layer as the result of the high tesperature gradient in the

resaining portion of the specimeén.
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The analysis of the micrcstructure cf zcne 1 discussed atove
shows that not only frccessing recrystallizaticnm cccurs, but also
Fartial ccllective recrystallizaticn as well. This is followed by
zone 2, wvhich consists ¢f aeformed grains witk a gound structcre,
internal distcrtions, ar¢ ancreased defect dersity. Here the
existence of a very skarf bcundary between the first and seccnd
zones, which points ¢o a drastic change in tesperature and pressurs,

vill certainly re ckserved.

Pinally, 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 scumetimes tvwo directicns on the part ¢£ the
tvins in the grains, at the saase¢ tise that defcrmation by explosicn

is characterized by the existance cf 2-4 twip directioms.

If ve compare this witn the deformation cf a planar explcsicn
vave, then we learn that according to the data cf [9] and cur data
(4], £ight up to shock wave pressures of 55C kbtar a aicrostructure
characteristic of zone 3 (i1n Qui case) is olserved. At the sare tire,
in the presence of ap irtensive beat pulse frce the light team of a

laser, as demcnstrated ip (£)], £y cutvard analcgy with the effect cf

high-speed impact (fcrratica ¢f crater) the thermal effect is
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significantly greater, ard there deévelop seccrdary hardened
structures characterizec ty a véry high degree cf hardness (cp to

1500 kg/sa2, fcr example for lcu-carbon steel).

With respect to tte magnitude of energy released cn the crates
surface per unit time, the studied case is apparently intarmediate
tetveen that ckserved at lcw imfact sgeeds cr the effect of fplacne
shcck waves with an intersaty of less than 1(® kbar and the =ffect of

gowerful 1ight energy.

Qualitative explarations for hardening in the presence c¢f the
interaction between an icdentcr amd a seri-infinita steel cbstacle
can be obtained on the rasis of the Horntogen mcdel {10], which was
used earlier to analyze jrocesses which cccur in a shock wave., The
sain difficulty in descriting tbe fprocess lies ret in explaning the
development of dislocaticns ugcn passage of tke shock wave, kit in
explaining the process ¢f preservaticn cf higk dislccation density
after removal of the lcad irca the material.

The conmpressed :egicné cf the crystal asscciated with
dislocaticns lie withir the ccapression wave, and density is equal tc

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

It is assumed that dislccaticn loops fcre as the shock wave
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passes through the crystals. The formation of a screv dislccation in
each crystal during this prccess is illustrated Ly tbhe diagrars in

Fig. S.

It should te menticned that the amplitude cf the shcck wave in
the aktove experiments exceede¢d the value of tke yield pcint Ly more
than one crder, since the defcrmation energy uvas quite sufficient fcr

the formation of new dislccatiorns.

An experimental study whick esployed a trarsmissiun tyge
electron microscope { 1C] shows that the dislccaticns lie in two
directions <111> in flane {110}, regardless cf the crientaticn of the
shock wave front in relaticn to tnat of the crystals. The boundary
components of the dislccaticn locps in the diagram mcve at a sgeed

approximating the speed ¢f tke shcck wave frert, since their

compreséicn zone (half-space) fcrams the 2one c¢f the ccapressicn wave.
The haeliccal components c¢f the 1loogs in this case remain in place,
and their length increases as the tcundary ccspcnents pass through,
The 1lc¢css ¢f energy in tke wave is in this case propcrticnal tc the

length of the screw pcrticns of the dislccaticns.

Pros Pig. 5 ve leazin that the boundary ccmrcnents cf the locps,
vhich are inclined in relaticm tc the shcck wave frent, move sithin

the front, but in different directaons. 1he Purgers vector cf the
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helical dislocations cas cte cotained by analyzing the positicn of the

toundary dislocations in tioe sacck wave front.

The helical disleocations which remain at tke shock wave frcnt
may intaeract in two ways., 1he helical pcrticrs c¢f the dislccations cf
the same loop have differeat signs and can be annihilated if they are
toc close, Helical dislccaticns lying withir twe different lccps in a
single plane of type [110] take the directicrs c¢cf the Burgers vectcr

shown in Pig. S. They can fcora ncdeés through the reaction:

%a[i 1T]+iza{-1.ii]=a[m)

It should be menticned that the density cf dislocaticns after
the shock wave front has gassed i1s not as great as might be expected
in the individual volumes during ccapressicn ¢f the material ty shcck
vaves. Therefore, toth tte reacticcz of lcop ccegression and the
reaction c¢f ncda formaticn cccur behind the skcck wave front.
Boreover, the studied mccei does nct ccnsider ttke change in tehavicr
of disloactions at speeds aggroxisating the sgeed of sound in the

saterial.

Because of the increased prokability of the development cf

packing defects undar pulséd aefcrsaticn it fcllcws that the density

cf partial dislocaticnes wilil also increase, i.e., that thers will

occur dissociation of tctal daislccations intc partial. In this
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respect ve observe a sisilaricty batween defcrmaticn effects under
thermomechanical hardenicg [ 11] and shock vave treatsent. Hosever 2ll
roentgen effects and hardeniny under thermomechanical treatment cf
steel of the same corpcsiticn with the use cf dynamic deformation at
rates of 5 m/s and hardening | quenching] are higher than after shcck
vave deformaticn [2]. It saculd alsc be noted that the cbserved
effects ray have the sasge crder as in the harédening [quenchirg) cf
steel and a somevhat higher crdexr tham in static defcrmaticn with

high degrees of reductice.

Finally ve amust mention the fact that the scurce cf softening of
the mataearial at very high deforsaticn rates may te the existence cf a
lisiting rate of movemert cn tne part of the dislccations, atove
vhich, as demonstrated ty A.A. Zhushovitskiy and #.A. Krishtal [12],
destruction, rather thar hardening of the material, should cccur. It
appears that in all experiments described abcve the deformaticn rate

considerakly exceeds this lasit value.

Conclusicn, Low-tesparature (-1809C deformation cf low-carkcn
steel at impact speeds cf 1.00 m/s leads to the develcpment cf a
spherical twin structure and yrain deforwmaticr. High-tesparature
(#7C°C) [sic] pulsed detcrmaticn provides additional
recrystallization effects. Increasing the ispact speed up tc 4000 wn/s

at room temperature results gqualitatively ir the same pattern as

T T A AR A UGN St s AR 13 =04 1071 OB 0 o 1MLt (4 ale BRI o ik MR - -
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bigh-teasgerature defcrratict at 1los speed. The results of X-ray

structural analysis and sectallographic study cf the deformad zcne

coincide with the dislccaticn mcdels of shcck wave effects or metal.

Received 20 January 19¢€C.
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Fig. 1. Distribution c¢f grain dimensions d alc¢ng 0OX axis (curve 1)
and 0Z axis (curve 2) and relative number of twins p alony 7 axis
(curve 3) with distarce frcs apeéx <¢f crater in steel St. 10 (impact

at -1809C, 1200 m/s) . Key: um, 8.

Fig. 2. Cistribution ct g¢rain disessicns in ispact zopne in steel St.
10 (impact at ¢ 700°C, 1200 a/s): 1 - grain dimensiocns along CX: 2 -
grain dimensions along €2; 3 - ratio of grain dimensions i,/Z alcng CX

and 0Z axes.
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Pig. 3. Microstructure cf ircn after impact at sreed cf 4000 =z/s X
200: a - zcne 1 of recrystallized grains; bt - zcne 2 cf defcrued
grains with twins; ¢ - z2cne 3 ot equiaxial grains with twins; d -

criginal structure (zore 4). ]
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Fig. 4. Curves of azimuthal distritution of intensity of line (1190)
cn roantgenograms of dififarent zcnes in reqgicn cf crater: a - zcne 1
of recrystallized grains, t - zcne 2 of defcrszed grains with twins, c
- zone 3 of equiaxial grains wath twins, d - criginal structure (zcope

4) o

Pig. S. Diagram of dislccatico fcramation in ircn and steel during
cassage of shock coagressicn save: 1 - bcupdary ccmgonents acving
inside conmgressicn vave frent, « - compressicn vave front scving in
direction of [100], 3 - heliacal dislocations which remain teticd

comgression wave front apd lieé in plane [101].
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