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Existing mathematical models for the process of HIP porous blanks are based on the solution of approx-
imately differential equations of the equilibrium of quasi-continuous medium. The continual approach is used
for computer modeling of the compressible body HIP process. Partial differential equations of motion for a qua-
si-continuous packing medium and physical equations for a viscous-plastic isotropic porous material subjected
to work hardening are taken as the basis for the mathematical model by means of these simultaneous equations.
Besides the equations of motion and the rheological equation, the equation of continuity deformation and the
equation of heat flow are used. Numerical calculations for additional packing of a high-speed steel powder billet
preliminary pressed in the hydrostat are performed. Numerical calculation of the problem for hardening the cy-
lindrical high-speed steel billet with a mild steel shell is done using Lagrange’s method by means of the differ-
ence scheme of continuous calculation of the Wilkins’ type. Computer modeling allows to control the process of
hardening and changing the form of a porous body during the HIP process.
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Introduction

Hot isostatic pressing (HIP) is one of the most
suitable techniques for producing the high-speed steel
cemented carbide, superalloys, soft ferrites and com-
posites at a simultaneous application of high-pressure
and high temperature [1-3]. The governing of this
advanced process is performed, as a rule, by computer.
Therefore, development of more perfect mathematical
models of the process of plastic deformation is the most
important task of further improving the HIP technology
and increasing the quality of new materials.

Two basic approaches to the construction of the
mathematical model adequately describing the HIP
process are generally used. The first method, a dis-
crete one, is developed in the works [4-8]. Here, they
consider different mechanisms of packing at HIP such,
as plastic deformation, creeping, and diffusion de-
scribed with kinetic equations. In the article [8] a po-
rous material is modeled as a sphere with the spherical
pore subjected to creeping deformation under isostatic
loading conditions. However, introduction of the cen-
tral symmetry considerably delays the packing
process. It should be noted that there is a somewhat
difficulty in application of the first method when
modeling the HIP of workpieces having a complex
configuration and shells which distort the uniformity
of a stress-strain state of a porous body.

The second method, a continual one, is developed
in [9-17]. Here, a porous body is considered as
a complex packed medium with an irreversible volu-
metric strain. This allows to solve multidimensional
problems of elasto-viscous-plastic flow of a porous
body and a shell. In the work [17] the analyses of HIP

technological modes based on the application of both
the first and the second methods are given.

We have developed the continual approach. Un-
like the works of other authors, the present investiga-
tion deals with the differential equations of motion
introduced into the mathematical model instead of
equilibrium equations. This allows to employ La-
grange’s method in numerical realization of the model
by computer. The equations, in a special case, are
written in the cylindrical coordinate system.

1. Basic equations for computer modeling

The HIP process, in a general case, is a three-
dimensional non-stationary non-isothermal problem.
Following the works [15-17] we have constructed
simultaneous equations of motion describing the flow
of a viscous-plastic isotropic compressible material
subjected to strain hardening in the right-hand rectan-
gular coordinate system x;. Denote in the equations:
p is the density, ¢ is the temperature, 7 is the time, v; is
the component of the flow velocity vector, 6, s;, &;
are the components of stress tensors, a stress deviator,
and strain rates. The basic equations have a form:

— the equation of motion

dv;

P = Oijj (1)
— the equation of continuity

1de L =0

pors +v;,; =0; 2)

— the equation of heat conductivity
dt
—cp- = (Agrad t);; +voy;8;, 3)
where c is the specific heat, A =A(z, p) is the coeffi-
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cient of heat conductivity. The differentiation accord-
ing to time is done along the path of motion of a ma-
terial particle.

The components of the velocity vector and those
of the deformation rate are determined with the known

relations:
dx;
1
Sij =5 Wi + 1) Q)

The stress tensor, as usual, consists of a spherical
constituent and a deviator:

0;j = 08;; + sy, (6)
where 6 is the mean normal stress, and §;; is Kroneck-

er’s symbol. The equations (1)—(6) are completed with
the rheological equations:

1
Sij = 218y — 5818, (7
o = 3kg, ®)
where & is the rate of relative change of volume, p, £
are coefficients of shear and volumetric viscosity de-

pendent upon density and temperature.
The loading surface, in general case, has the form:

F (T,0,04,qq4, ,qy) =0, 9)
where T = /s;;s;; is the intensity of tangential
stresses, o, is the yield stress of a solid phase of

the material and it is the temperature function, g; are
work hardening parameters.

2. Mathematical model of HIP process

Consider the mathematical model of the HIP iso-
thermal process for a cylindrical porous body with
the radius R and the height A within a shell. The body
surface is subjected to the pressure of gas p = ps(7) at
a stationary temperature duringthe pressing cycle.
The simultaneous equations (1)—(9) describing
the viscous-plastic flow of a cylindrical porous com-
pressible body is written as follows:

Z
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e
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T

Fig. 1. Dynamics of a cylindrical porous body at HIP:
Pc = 0-200 MPa, at a velocity of the pressure increase w,
equal to 10 MPa/s

ldp , 0v, , Ovy _ vy

pdt 0z or r’

dv, 0Syy 0Srz Srr—S00 do
T — —rz 4 Zrr 908 4 7
dt or o0z r or’
% = _65,«2 _6szz + Srz + 6_0’
dt or 0z r 0z

dr dz
Ezvrzazvzz (10)
vy 1 dp
Sy = 20(oL 4 —2
T U(ar +3pd‘t E
vy, 1 dp
Spp = 2U(2Z 4+ —2
zz p'(62 +3pdr >
o, dv,
Sy, = W—+—
Tz p'(62 + dr”’
Uy 1 dp
Sep = 21(= +—=2
00 H(r+3pd1,
kd
0'=——p,
pdt
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F(T,0,04,q;) = 0.

The behavior of the metallic shell of the porous
cylinder corresponds to the elasto-plastic flow of
the material [18]. The differential equations have to

satisfy the following initial and boundary condi-
tions:

att=0,p=pg,s;=0,6=0,7=0;
at 1 > 0 on the surface of the shell

6= 7pG(T)7 Spr = 822 =800 = Sz = 0.

Within the boundary of the porous body and
the shell the condition of continuity of the velocity
vector v is assigned.

Solution of the equations is done by means of dif-
ferent schemes of continuous calculations of Wilkins’
type [18].

3. Results of numerical calculations

In numerical calculations the HIP process of
a porous compressible high speed steel billet pressed
in the hydrostat was modeled. The powder billet within

Zz

tj+++44444-
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Fig. 2. Dynamics of a porous body at HIP: p; = 0-200 MPa,
w =500 MPals, p, = 0,7p,
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the mild steel shell was subjected to heating and then
to hot gasostatic pressing.

The initial density of the porous body at HIP is
assumed to be equal to 0.93p. , where p, is the density
of non-porous high speed steel, and the process tem-
perature being as high as 1300, 1400 and 1500 °C.
The dependence pg(t) is taken as a piecewise linear
one. The stress surface is assigned:

T2+ £1()0? = (f(P)f (§)os)?, (11)

where p = pﬂ is the relative density,
c

fiP) =a (1 —p)™,

f(p) =p",

f@®) = (a8 + 1).

In Figs. 1 and 2 there are shown the cylindrical
porous body at the initial instant (1) and final instant
(2) in the HIP process as well as the difference grid on
which the calculation is done. The coefficient values
are taken from the works [7, 11].

Conclusion

The HIP process of a porous compressible body
is described with the mathematical model based on
differential equations of motion for a quasi-conti-
nuous medium having an irreversible volumetric and
shear deformation. The equations for a viscous- plas-
tic isotropic porous hardening material are used as
rheological ones. For the flows with an axial symme-
try of the billet material after CIP the constitutive
equations are written in the cylindrical coordinates.
Numerical calculation of the problem for hardening
the cylindrical high-speed steel billet within a mild
steel shell is done using Lagrange’s method by
means of the difference scheme of continuous calcu-
lation of Wilkins’ type.

Computer modeling allows to control the process
of hardening and changing the form of a porous body
at HIP in the course of time.
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KOMMNbIOTEPHOE MOOEJIMPOBAHUE NMPOLIECCA
FTOPAYEIO N3BOCTATUHECKOI'O NPECCOBAHUA
NMOPUCTBLIX 3AFOTOBOK

J1.A. Bapkoe’, [1.A. Yeckudoe?, M.H. Camodyposa’, 10.C. lam¢pynuna'

" FOxHO-Ypanbckuli 20cydapcmeeHHsil yHusepcumem, 2. Yensa6uHck,
2 KanugopHutckul yHusepcumem, e. CaH-[ueeo, CLUA

N3BecTtHble MaTeMaTuueckue Monenu npouecca I'MII mopucThIX 3aroTOBOK OCHOBAaHBI Ha PEIIEHUU HpHU-
OmpKeHHBIX TuddepeHIaTbHBIX YPaBHEHHH PaBHOBECHS KBA3HCILIOMIHON cpesbl. VIComb30BaH KOHTHHYAIb-
HBII TTOJXOJ MOCTPOCHUSI KOMITBIOTEPHOI MOJEH Ipoliecca ropsiaero u3ocrarndeckoro nmpeccosanust (IMIT)
TIOPOIIKOBBIX 3aroToBOK. IIpencraBineHa maremarndeckass mozens mnpouecca I'MII, ocHoBaHHas Ha peMICHUN
¢ hepeHIMANBHBIX YPaBHEHHH IBIDKCHIS KBa3HUCILUIONIHON YIIOTHAEMOU cpefpl, o0agaomeii HeoOpaTuMoin
00bEeMHONH W CIBHIOBOM jAepopmanuell. B kauecTBe peONOrMYECKHX WCHONb30BaHBl YPAaBHEHUS BSI3KO-
IUIACTUYECKOr0 TeUEHHs U30TPOITHOIO YIpOouHsomerocs Marepuaia. Kpome ypaBHeHUH ABHKEHUS U PEOJIOTH-
YECKOT0 YpaBHEHHUS NPH MOJICITUPOBAHNY UCIIOJIB3YIOTCSl YpaBHEHHE Hepa3pbhIBHOCTH JedOopMalvi U ypaBHe-
HHE TEIIONPOBOAHOCTH. UMCIeHHas peanu3anus pa3pabOTaHHOH MOIETH BBIIOJHEHA METOJAOM KOHEYHBIX
aeMeHToB Ha mpuMmepe ['UI munuHIpUYecKoif 3ar0TOBKH U3 TOPOIIKa OBICTPOPESKYIIEH CTalM, MOTyIeHHOH
XOJIOJHBIM IIPECCOBAaHHEM B rHApocTaTe. UNCIEeHHBIH pacdeT 1o npobieMe yIpodHEeHUs MMINHAPHISCKON 3a-
TOTOBKH M3 OBICTPOpEXYIIEell cTad, 3aKIIOUeHHOH B 0007I0YKy M3 MATKOH CTajiH, BBINOJHEH 1o Merony Jla-
Tpamka C TIOMOIIBIO Pa3HOCTHOM CXEMBI CKBO3HOTO cdeTa THHa YmikuHca. KoMmbloTepHOEe MOIENMMpoBaHue Mo-
3BOJISIET KOHTPOJIMPOBATH MIPOLIECC YIPOUYHEHHUS U N3MEHeHHe (OpMBI IIOPUCTOrO Tea B TeueHue npouecca UL

Kniouesvle ciosa: KOHMUHYYM; MAMeMamuieckas Mooelsb, NOPOWKo8ds 3a20mosKa; ougdepenyuanvhoe
YypasHeHue, peoio2us.
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