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The etress—strain state of one of the promising high-pressure apparatuses (HPA)
aftor the assembly process and in the operating mode is investigated by the fi-
aite-elemeat mothod. The stress state of plastically deformable container with
2 reactive mixture is calenlated, and the effect of contact interaction and the
elasteplastic deformations of equipment components is defined more precizely.
The static and fatigue strengths of hard-alloy HEA compenents are estimated using
provieusly develoaped criteria. The dependence of the strength and longevity of
geomotrically similar dies and punches on their effective volume is cotablished.
in interpretation of the most characteristic forms of HPA is given on the basis
of ecemputaticnal results, and several means of improving their designs arc in-
dicarted.

In addition to anvil-type high-pressure apparatuses with recesses, which weore discussed
parlior [1]. =olid-phase apparatuses of thecylindrical "Belt,” "Girdle," and other types have
come intoe widesproad uee, espocially abroad, for the industrial symthesis of artificial dia-
monds and other superhard materials [2-4). The first information on & high-pressuce apparatus
of thic type applies to the mid-1950s, when diamends were Pirst synthesized in the “"Eolrc”-
type HBA. Thereafter, refinement of cylindrical-type HPA structures ocourred primarily in
the direction of improvement in their operational relizbility, an increase in the effective
wvolume (1000 em® has beon attained [5]), and the time reguired for the cont inuous-synthesis
process, which consumes tens of hours at the present Time. In addition te this, use of pre-
hardened hard tunesten—cobalt alloys in combinatiem with an effective multicomponent support
of the most heavily loaded HPA has resulted in the fact that the operatienal stability of
their best specimens has beon brought teo 1000 and more zinterings under a pressure and Cem-
perature of 4.5-5.5 GPa and mote than 1600°C, respectiwvely, in the reaction zone.

kg practice of recent years has indicated [5-81, the search for optimal desligns and the
number of experimental HPA tests have been roduced considerably by numeric medeling of their
stress=strain and limiting states, which correspond to the diffaerent processes of static and
cyclic loading.-

tne of the most promising laboratory cylindrical-type HPA specimens [9]. a simplified
diagram of which is showa in Fig. 1, 1= disoussed in the present report. The apparatus con®
taine a die with a through hele and twp punches, which are reinforced by multilayer blocks of
steel Tings, as well as a container with a reactive mixture and gaskeC Chat prevenis the pre-
mature scatter of material in the reaetion cell in the initial peried of compression. Afrter
the HEA has boen compressed betwsen the support plates of the press, the ba components
pooupy the position shown in Fig. 1b. Defermable zeal ABCD, which is formed from the ex-
truding portion of the container material, fulfills primarily the sase function as that in HP
with anwils. Owing to an apgelar positiconing to the direction of displacement of Lhe puncios
it provides the latter with a significantly greater compressive oun for the same forece exerte
by the press. The die and punches are ugually fabricated from grade VE bard alloy (more
rarely from tool alley steel}, the reinforcing rings from hardened carbon steel, and the con-
tainer from pyrophillite.

Sinee eylindrical surface DE, which takes up the entire effective pressure during opesas
tiom, <. lsts inm t™o dic, significant tensile tangential stresses develop on Chis surface.
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Fig. 1 Fig. 2
Fig. 1. Schematic diagram of c¥iindrical-type Rrigh-prassure APPAratus prior to {a) and

after (b} compression: 1) din-block; 2) dis; 3} pusch-block; 4) punch; 3. &) reinfore-
ing rimgs; 7) container; §) reactive mirtiere; 9) paslae

Fig_ 2, Computational diagram ¢f problem and distribution of sStress-tensor components
in die 3lock of HPA afrer its assesmbly with negative tolerance, {Zane of plastic de-
Tormations {= hatched. )

Coupling stramses higher than these Eenerated in HPA with anvils are required to affset rhose
ftreszes.  This makes it RecesEary to change the order of the HPA asgembly, according to
which the die is initi.al].:.- pressed into the internal cing, and the block produced in this

manner ie subsequently reinforced with the remaining banding rings,

The basic Structural assemblies and components af g r_-;.rlindriqal-t:,’pn HFA, being a die
block or punch with steal reinforcing rings, can ba Tepresented by a sysres of elastoplastic
bodies that come in contact with one another, According to the procedure of rhe finite-
element morhod (FEM}, the die block was divided {nto 1740 Friangular lincar oloments con-
fected to one anather By 1023 nodes te madel Lhep SLresSs—wtrain state, Following the algo-
rithm adopted (107, neighboring assemblices, the diffrrence in the normal displacesents of
which were Rivin as the initial negativea telerance, ware isclated in pairs for each af the
three contact surfaces formed by The sempenents of the die bloek. The problem was solved in
Lthree Steps with allowance for the sequence of die-block assembly, and alse the nonlinearity
Caused bY contact interaction with plastic deformations of the ba.:ld.in,f.; Tings,

The computational scheme of the prablos, where, as we had done earlier {11, One-guarter
of the axial section of the HPA was the region cxamined, and also the distribution of compo-
fents of the tensor of stresses in the die block of the HPA after its assembly with negat ive
tolerance are shewn in Fig. 2. The rome of plastic deformations thae develop in the first
ring, where the tangential strosses ape everywheres cempressive, whereas the remaining rings
aperate in this regime in tension, are alse shown here. The preliminarily compressive
SIresses gy amount te 7,0 GPa on che inner gurface of the die, and az will he indicated he-
low, cannot be increased due £o the limited strength of the hard-alloy die,

The results of FEM calculations for tha radial strosses ap Lhe contace boundary betwoen
the die and block of rings are of practical interase peimarily for their comparison with data
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Fig. &

Fig. 3. Ficlds of slip lines in sea] {a}, distribution of componente of stross
Lenzor (be=g) and hydrastatic pressure oy {£) in plastically deformania Py¥rophil-
lite container,

Fig. 4. Distriburion of contact normal o, (zolid Lines) and tanpentiaj 1y {broken
lines) streszes on cone-shape surfaces of die {a} and punch (b} for different
thicknesses #1 of deformable saal: 1} = = 4.0 gm; 2) 21 = 4.5 mmy 3) Zp = 5.0 mum.

obtained in dccordance wish Lamcs Approximate equation, which has been used to date in de-
=igaing HEa [1], The groatese differenca {-207) between the Cofputational results for the
SLresses Trs which are coupling stresses for the die, {e obtained at peints G angd . belong-
ing to the SOntact surface and the horizoneal plane of SYmReCry.  Bince the coupling stresses
calculated in Accordance with the Lamé stressec Are on the high side, they must be defined
MOES pracigaly by PEY ciloulations tq ensure. the strengeh of the die,

The distribution of Lhe normal apg Langential slresses on the Sentact surface betwwen
the die and reaction container, vhich iz yged 25 boundary conditions, shewld be found to de-
fine the Slress—strain srare of the die block in the werking mode. This distribulion was
“stablished by caleulating the SLTESE stale of the plastically deformable scal included be-
twWeen cone-shape surfaces cp and AR of the dig and punch, by the mothod of slip lines [12]
{Fig. 1), It was asmumed thar the Physicomechaniea] PEepertiex of the containar material
depend on the temperature anda Pressure levels attained in the Hpa. According o CHRperimental
data, the thickness of the deformed eesl iZ 4.5 mm in the absence of Punch eccenlricity. In
solving the pProblem, we asmumed that surface BC is Stress-free and maximgn friction iz pos-
Zible on conraet surfaces AR ang Cl in view of the small thickness of the gegl.

The fields of =lip lines in the seal, and alug The distribution of the components of
the stress tensor ang the hydrostatie Fressure oy = (g, + 9 + 0g)/3 in tha Pyrophillite con-
tainer arg shown in Fig. 3. The distribution of contact normal Yo and tangenatial Ty SLresSses
on effective surfaces AR apd op of the puneh and matrin is shown in Fip. 4. The distribucion
of o, and T corTesponding to rha Case of maximum Possible noncosxiality of tha basic HPA
components, which amounts to 0.5 mm, qa alse presented here. Axiz X j2 directed along the
ECneratrix of cone An for the punch 2nd along line po for the die.
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Fig. 5. Computational schome and distribution of components of tensor of stresses
in HPA die block in operating mode. {Zones of plastic deformations awe hatched. )

Fig. 0. Computational scheme and distribution of components of tensor of streszas
in high-zlley punch in eperating mode.

It is appavent from Fig. & that a onc-sided decressze in the thickness of the =eal to
Zy = 4,0 mm leads to a significant inerease ip contact pressures as compared with those for
the symmetric case., ar point D on the surface of the die, for example, the stresses % in-
crease from 4.5 to 6.5 GPa, and Te te L. GPa, The stresses Og are distributed similarly
on contact surface AR of the punch, while the Langential strexses Te change to the opposite
Eign,

The: computational scheme of tha die Block., which cerresponds o the type of stress under
consideration in the abfence of pusch eecent ricity, is shown im Fig. 5. Here, the ASSumpt ian
is made (it has experimental confirmation) that in the effective zone of the HPA. a hydro-
Static stress state is realized in the synthesis process.  When te = 0, this dictates the
asgignment of uniformly distributed contact stresses P = 4.5 GPa on the <ylindrical surface
of the die in formelating the edge prablem.

Analyzing the distriburion of ecoosrdinate stressos (Fig. 5), note thar despite a 227
increase in coupling pressures From the side of the block thoy cannot completely compenzare
for the tenszile stresses 8. which amount to 0.74 GFa in the region of point E of the affpc-
tive surface of the die. Maximum values of the stresses Op and oy, which are 4.5 and 2.54
GPa, respectively, are attained on this same surface. The zone of plastic deformations in
the first riag oCCupies Approximately ona-thivd of the volume, while it iz minifested in a
rather narrow layer near the contact in the second rimg.

If wo assume that the die is made of 3 hardencd tool steel, as ealeulations performed
by Shestakow at al, [B} indicate, the bresence of i zone of plastic deformation, which forms
in the region of eylindrical surface XD under a working pressure of 3.2 CPa, results in sig-
nificant stress redistribution. Az a result, compressive stresses og = 0.84 GPa occur on Lhe
inner surface of the Fteel die in contrast to the hard-alloy die. Under a pressure 4.5 GPa
in the EFA, the plastic deformation of the indicated surface amounts to 257, while the diam-
eter of the Chrowph hale in the die is incressed by 0.54 mm,  Under s prassure of more than
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TABLE 1. Values of Mechanical Constantcs
and Loaded Voluse of Hard Alley VE6. Ob-
tained for Differcnt Forms of Stress State
of Basie Components of Cylindrical=Type HPA

1 | Mechanical proporties of

Form of | PA | Longed | hard alley

stress ! com- ni_ul -

whats | poment. Vs L) P S o i 3
1 1 |&Pa ..Ewnﬁh. \

Presaing of  due nw 0,55 255 040 0.7 0,316
reanforcing

rings ante panch 13,6 0,51 2.77 055 0,0 018
Block

L g die H ] 0.5 2,70 6,5 0. 0210
wader vorking
presoure pach 2,33 0,74 3.0 0,00 0.8 0I5

4.5 GPa, moreover, the first plastic deformations develop in the region of peint F. In this
case, the formation of a plastic hinge in the plane passing through points E and F. or ful-

fillseat of the condition g7 [¢]. where q and [q] are the current and limiting walues of the
Odeguist paramotor, which charscterizes the level of accusulated plastic deformation of the

material, is adopted as the failure criterion [8].

Let ux examine the results of caiculations of the stress state of a hard-alloy punch
under operating loads. Tho distribution of the contact strusses op and Te for the nymmetric
caze of tho arrangemont of the die and punch ware used as operating loads (Fig. a4}, Note
that the contact probles was not solved to determine the mupporting stresses o, on lataral
surface LM of the punch (Fig. 1), which are equivalent to the offect of tha block of rein-
foreing rings. This is associated with the fact that the shape of the components being sated
is naarly cylindrical and the numaric solution does not offer advantages over resulis obtained
from Lomé oguations in this case. Analysis of the stress state suyyests that it operates
under nonuniform compression from all sides (Fig. 6). As is apparent from Fig. 6, all coor-
dinate strogses, with the exception of the tangential, are maximua on the elfective faca, or
in the local reglon adjacént to it in this case.

Before proconding to analysis of the limit state of the basic HPA components after as-
sanbly and in the operating moda, lot us cite data on the loaded volume and the mechanical
constants of the materisl, which depend on the loaded walume and tha form of che stross state
and which are introduced in the static-scremgeh criterion [13, 14] (Table 1). Lot us note
additionally that the total volumes of the die and punch are 891,06 and 297.4 cnt', respec-
tively.

Isolines of the squivalent stresses obtained with allowance for scale effect in a die and
punch for their operaling regimes under considorazion are shown in Fig. 7. It ls apparent
that the maximum equivalent strosses o, in the die aftor assesbly (Fig. 7a) occur on the ur-
face of contact with the banding block, and also on the internal cylindrical surface, whore
thoy range from 0.7 at point E vo 0.83 in the vicinity of point D. The prosence of several
zones with a high pressure o, in the die after assembly of the MPA is dictated primarily by
the relatively ainor .;Iluﬂq:nmn____ of the strass state and tho rather high value of the
loaded volume Vg (31.97 en’).

In the operating sode (Fig. 7b), inhomogeneity of CRé SCreas=nirain sState incroascs
£lgnificantly in the die; this is more apparent as a twofold reduction in the leaded volume
(Vy = 15.80 en’), and, consequently. as an increase in the utrangth characteristicos of the
hard alloy {Tabls 1). As 3 result, the level of cquivalent stresses was reduced to 0.73 on
surface ED, and to 0.58 in the vicinity of point C. In this casc. howevoer, the stresscs oy
at point ¥ incressed to 0.58, attaining 4 value that is wirtually limiting for the materlal
in guestion in this mnner.

Analysis of the limizing state of the punch after assembly indicates chat it is char-
acterized by the presenca of maxisum @quivaient stresses in che cylindrical porcion. whero
accerding to calculations, there ix an almest twofold factor of safety (o, = 0.53). In the
vorking-load regime, the region of action of maxisus stresses op = 0.73 is found, as befors,
in the body of the punch, bur is displaced aleng the axis of symmetry clower To iTs offeec-
tive face. It is obvious that the lovel of stresses o, calculated on the basis of the statie-
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Fig. 7. Distribution of equivalent strezszes in die and punch of HPA after assembly (a) and
in aperating mode {b).

Fig. 8. Isolines of number of load cycles to failure for die and punch.

Fig. 9. Most characteristic forem of failure of hard-alloy punch after several lead aycles.

strength eriterion iz not high ecnough to cause failure of the punch during its one-time load-
ing. This makes it possible te propose chat punch failure, which is frequently encounterad
in practice after several load cycles, ocours primarily due to exhsustion of the matesial®s

fatigue strenpgth. Calculatiens based on the longevity criterion confirmed this hypothesis
{Fig. ).

It is appseeat from Fig, § that the iscline corresponding to the minimum number of load
cycles, which is equal to seven, begins on the effective face of the punch, and then proceeds
parallel to its axis of sysmetry and base. In the process of cyelic leading of HPA, the
fatigue crack that dewelops on the effective face of the punch has 3 propagation trajoctory
that is primarily the same or clese to it. In this case, failure of the punch is combined
in matuze. Initiation of the crack, which grows to a certain size, causing failure, which is
terminated by brittle fracture with subsequent separation of coarse segments of the hard alloy
(Fig. 9}, first occurs as a result of low-cycle fatigue on the effective face of the punch.
The influence exerted by bending of the die on the character of its failure in the caze af

accentricity is expressed in the curvaturs of the crack froat and its displacement with re-
spect to the axis of symmetry.

According te ealeoulations, the number of load coypcles to failure of the hard-alloy die
is also low — no more than eight in the vicinity of point E. If failure does not oceur at
thiz point due to possible local hardening of the material under high hydrestatic pressure
or other imprecisely defined factors, the regions adjacent to points G and I, which lie on
the internal effective surface of the die, where N iz 150 and 215 load cycles, respectively,
become Che next most critical regions. The results of the calculations are in good corre-
spondence with data derived from laboratery tests with reospect to bath predictod stability,
and the character of die failure, which cecurs primarily as a result of the appearance and
development of radial cracks, and alse by delamination of the mateorial in the horizontal
plane of symmetry.

Te account for the effect of the scale factor, we investigated the strength and longevity
of geometrically similar dies and punches by varvineg their volume V freem 116 to 5Vy. The
volume of the base components of cylindrical~type HPA were usad as V-

The relaticnship between the strength and volume of the HPA olements under consideration
in the log—log coordinates In odfog = 1o ViV, iz desoribed by straight lines (Fig. 10).

It is apparent from Fig. 10 that both in the aszesbly mode, and during operation of HEA,
the strength of their basie components decresses with increasing effective woluma; in this
case, it is more striking in the loading mode than during impressien. Thus, the strength of
the die and punch decreased by 18.1 and 23.5%, respectively, in the oporating mode as their
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Fig. 10. Relationship between static strength of geometrically similar
punches (1) and dies {2} and their volumc after assembly (broken lines)
and leading under werking pressure (selid lines). {og and ¥V, are the
strength and volume of the base dies and punch. }

Fig. 11. Relatienship betweon operating stability of geometrically simi-
lar punches (1} and dies (2] and their volume. (N, and ¥, are the
longevity and volume of the base dies and punich. }

volumes were inereased by a factor of 16, whercas it diminished by 13.1 and 15.62Z during
jmpressien. The critical wolume of the die for which the limiting state {og = 1) is attained
in the wicinity of point E ix ¥V = 1.38V,. For a proportional increase in the geometric di-
memsions of the punch, its strength under a one-Time load is zerc for & volume W = 4,13V, .

The relationship between the operational stability of HPA components and their wolum:,
which can be described in the lop—leg coordinate system loV/V,—In¥N/N; by straight lines
that pass through =zere, is shown in Fig. 1. It is apparemt that during impression, the
lengevity of the punch decreases more vigorously with increasing volume of the HFA compo-
nents, while the opposite law is observed for a one-time effective load {(Fig. 10). It also
follows from these diagrams that the stability of punch and die dimindsh by factors of 2.4
and 4, respectively, as the volum: is iacreased by a factor of 16.

At compared with dies of anvil-type with recesses, the operating stability of which is
reckoned in several hundreds of pressing=sintering cycles [13], the loengewiry of hard-alloy
componants of cylindrical-type HPA of the design under consideration is rather low = less
than tens of cycles. The low stability of the hard-alley HPA components is dictated by &
characterisric feature of their structures, which contains surfaces on which the total af-
fecrive pressure, which is insufficiently compensated by lateral support, acts during opuera-
tion. In the die, this is the internal cylindrical surface, which accerding to rthe calouia=
tions that we performed and cxperimental data, is primarily subject to failure.

To increase the strength of the internal cylindrical surface, it is poessible te rocom-
mend procedural methods for bulk and surface hardening [15-17]. which were previously success-
fully tosted on anvil-type HPA designs with recesses and which make it pessible to develop
preliminarily compressive sTrosses of the required magaitude. As the calculations indicated,
an increase in operating stability can alsoe be achieved as a result of structural alterations,
eliminating. ©.g., the stress risers at peists D and E (Fig. 1] by replacing the eylindrical
wurface of the die with a cone-shape surface. This replacoment results in the fact that
during operation, it iz not the total effective prossure that acts on the die in the radial
direction, but its component, which is egqual to the product of this pressure and the cosine
of the angle botween the generatrix of the cone and the vertical axis of swvmmetry. Note that
the construction of a hard-alloy dic, which is similar in shape, has been successiaily ens
ploved abroad in Endividual modificatiens of "Belt™-type HEA [8].

As applies to the pumch, basic structural solutions and producrtiom procedures should be
directed toward the prevention of cracks on the effective face, which develop as a result of
its insufficient suppert, especially when the pressure in the werking cavity exceeds the
pressure in the deformable seal or cceantricity existe for the punch. For this purposa, it
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is possible te recommend the construction of a composite punch in which its basic portion. is
made of the hard alloy VEG, and the Cip of a stronger alloy of the VES type or diamond [19].

Let us also point out the necessity of a cautious approach toward selection of the ma-
rerial for the basie components of cylindrical-type HFA, since the geometric paramcters and
effective volume of the dies and punch sipnificantly excecd those of dies with a recess: they
therefore experience the influence exerted by scale effect, and the form and  inhomogeneity of
the stress—strain state to a large degree. One can be conwvinesd of this by comparing data
on the mechanical properties of the materials, which are cited above in Table 1 and in [1].
Owing to the rather large loaded wolume. all basic strength characteristics of hard alloy VEG
for components of cylindrical-type HPA are significantly lower than those for the recessed
die. For example, the ultimate tenszile and cospressive strengths of the hard alley for the
two indicated types of HPA differ by more than 2 and 1.5 times, respectively. As we know [15],
howewer, the probability of finding crack- and pore-type defeacts of eritical size in the com=
ponents, which have a tendency for further growth, especially under a cyclic load, increases
with increasing size of components fabricated from structurally inhomogeneous materials. One
means of improving the longevity of cylindrical-type HPA, therefore, iz to produce a virtually
dafect-free structure in the hacd alloy as a resulc, a.g., of its repressing in a pas-filled
constant temperature cabinet.

Let us note in conclusion that the proposed ¢riteria,. methods, and software packages are
wsed at the present Cime to investigate the streagth and longevity not only of high-alloy
HPA components, but alse other no less complex ebjects operating under statie and eyclic
loads. Caleulatiens using isoparametric finmite elements of deforming broaches of complex
shape for machining intermal holes in cylindrical components, and also HPA with diamond anvils
incendad for physical investigations in the megabar range of working pressures may Serve as
an example [20].
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CURVILINEAR CRACK DEVELOPMENT TRAJECTORY IN ALUMINIM ALLOYS WITH
BIAXIAL CYCLIC LOADING

W. M. Shlyannikov unG 5390385

A caloulatien and experimental study is provided for development of curvilinear
cracks of different original orientation with uniaxial and biaxial tensiom. A
marked dependence is noted for crack growth trajectery on the form of stressed
state and aluminum alloy properties. [t is established that the criterion con-
sidered for crack growth dircction canmet be recommended as universal for a whole
number of test materials. A method suggested provicusly for plotting ealculation
and experisental erack growth trajectories with a comples stressed state may ba
used in detemmining cyclic resistance characteristics for mized forms of failure.

In the stage of crack development apart from natural stwdy of cyclic crack resistance
characteristics an important componment ef predicting the endurance of structural elements is
determination of erack propagation trajectory. This task is particularly impertant for the
airframe components of flying cquipment which are uader conditions of biaxial cyelic loading
of different intensity. Here nonconformity of the directions of stress operation with the
plane of orientation of possible defects ix in practiece the rule rather than an exception.

A medel of this situation is a plate weakened by an internal through rectilimear crack
which ix under conditiens of a genmeral plane strossed state or plane strain (Fig. 1). A
number of works are known devoted bhoth to determining the direction of crack development inm
relation to the angle of its original oriemtation [, 2], and to caleulating crack growth
trajectory with uniaxial and biaxial leading [3-13}. However, the results obtained in them do
not reflect the features of properties cven within the scope of a single class of materials
having approximately the same elastic characteristics.

A gtudy of the effect of aluminum alley properties and the form of stressed state on
crack growth trajectory with cyelic loading iz Che subject of the present work.  We shall
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