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PREROZDELOVANIE TEPLA PRI BRUSENI

TITANOVE] ZLIATINY VT9

HEAT DISTRIBUTION WHEN TITANIUM ALLOY VT9 GRINDING

Prerozdelovanie tepla pri obrabani patri medzi fenomenologické
charakteristiky tohto procesu, pretoZe vyznamne ovplyviuje funkcéné
viastnosti obrobenych povrchov. Cldanok sa zaoberd prerozdelovanim
tepla v zone rezania pri bruseni titanovej zliatiny VT9. Analyza pre-
rozdelovaniai tepla je tu zaloZend na experimentdlnom merani teploty
na brisenom povrchu (teplota styku briisneho kotiica a obrobku)
a tangencidlnej zlozky reznej sily. Prerozdelovanie tepla pri bruseni
titdnovej zliatiny je odlisné od prerozdelovania tepla pri briseni
kalenej loziskovej ocele 14 209.4 ako jedného z klasickych predstavi-
telov briisenych kalenych oceli predovsetkym pre velmi nizku tepelnii
vodivost titanovych zliatin.

Uvod

Titan a jeho zliatiny su atraktivne materialy vzhladom na jedi-
necny pomer medzi hmotnostou a pevnostou, ktoru si udrZiavaju
aj za zvySenych teplot a ich vynimoénu odolnost voci kordzii.
Titanové zliatiny sa zaraduju medzi tazkoobrabatelné materialy.
Suciastky vyrobené z titanovych zliatin su obyCajne vystavované
unavovému zatazeniu. Titan a jeho zliatiny sa najviac pouZivaju
v leteckom priemysle, kde sa pouZivaju na ramy lietadiel a suciastky
motorov. Obrabanie s nizkymi hodnotami reznych parametrov
obyc¢ajne vedie k vysokym hodnotam tinavovej pevnosti, ktora je
ovela vySSia (takmer 5x) ako unavova pevnost zodpovedajlica
drastickym podmienkam obrabania [1]. Kahles a ost. [2] konsta-
tovali, Ze povrch titanovych zliatin sa lahko poskodi pocas opera-
cii obrabania, predovsetkym pocas brusenia. Aj napriek tomu, Ze
brusenie je vykonavané spravne v beznych reznych podmienkach,
vedie k znaénému zniZeniu tinavovej pevnosti vplyvom poskode-
nia povrchu.

Poskodzovanie povrchu pri bruseni je zvacsa tepelne induko-
vané a dane nielen teplom, ktoré sa v zone rezania vytvori, ale aj
teplotou povrchovych vrstiev brusenych casti, jej gradientom
a pomerom tepla vstupujuceho do obrobku k celkovému vytvore-
nému teplu. Pri braseni klasickych loZiskovych oceli a aplikacii
Al,05 brusneho kotuca vacsina tepla vstupuje do obrobku (90 %)
[3,4]. Je to dané kinematikou procesu a skutocnostou, zZe tepelna
vodivost klasickych loZiskovych oceli (46 W/m.K) je vysSia ako
Al,0; brusneho kotuca (6 ~ 30 W/m.K, Siroky rozsah prezento-
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Heat distribution in machining is one of phenomenological
characteristics of this process because it significantly influences
functional properties of machined surfaces. The paper deals with heat
distribution in the cutting zone when grinding titanium alloy VT9
based on experimental measurement of surface temperature and
tangential component of cutting force. Heat distribution when grinding
titanium alloy VT9 differs from heat distribution when grinding
conventional roll bearing steel 14 209.4 as a typical representative of
ground hardened steels first of all because of low heat conductivity of
titanium alloys.

Introduction

Titanium and its alloys are attractive materials due to their
unique high strength-weight ratio that is maintained at elevated
temperatures and their exceptional corrosion resistance. Titanium
alloys are classified as difficult-to-machine materials. Machined
parts made of titanium alloys are usually exposed to fatigue load
because the major application of titanium has been in the aero-
space industry, where it is used in airframes and engine compo-
nents. Gentle machining operations usually result in a high cyclic
fatigue strength that is much higher (up to nearly 5 times) than
that of the corresponding abusive cutting conditions [1]. Kahles
et al. [2] claim that the surface of titanium alloys is easily
damaged during machining operations, especially during grinding.
Even properly processed grinding practice using conventional
parameters result in appreciably lower fatigue strength due to
surface damage.

The damage of a workpiece when grinding is usually ther-
mally induced and given not only by the heat generated in the
cutting zone, but also by the temperature on the surface of
a ground part, its gradient and the ratio of the heat entering the
workpiece to the total heat. Most of energy enters the workpiece
(90 %) when grinding convetional roll bearing steels and applica-
tion alumina grinding wheel [3,4]. This is given by kinematical
conditions and the fact that the heat conductivity of convetional
roll bearing steels (46 W/m.K) is higher than alumina grinding
wheel (6 ~ 30 W/m.K, wide range of the presented values). Heat
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vanych hodnot). Prerozdelovanie tepla pri bruseni titdnovej zlia-
tiny VT9 sa odlisuje od prerozdelovania tepla pri bruseni klasickych
loziskovych oceli vzhladom na zlé tepelné vlastnosti titanovych
zliatin (tepelna vodivost titanovych zliatin je 7,5 W/m.K).

Metodika experimentov

Experimentalna analyza prerozdelovania tepla je zaloZzena na
,Teorii pohybujucich sa tepelnych zdrojov* (Jaeger [5]). Tepelny
zdroj konstantného tepelného toku na jednotku plochy g, dizky 2/,
sa pohybuje po povrchu polonekoneéného nehybného telesa kon-
Stantnou rychlostou v,,. Tepelny zdroj je umiestneny do priesec-
niku osi x, z. Dvojrozmerny ustaleny stav rozvrhnutia teploty pre
takyto model je opisany rovnicou (1)
oy _ [ e K (2 + ), (1)
2qa X - L

- narast teploty nad teplotu okolia (°C),

o -tepelna difuzivita (m?/s),

k  -tepelna vodivost (W/m.K),

g -tepelny tok (m>kg/s),

| -polovica dizky zdroja (m),

K, - modifikovana Besselova funkcia,

u# - merna energia brusenia (J /m? ),

X, Z, L -bezrozmerné veli¢iny (X = v,, * x/2a, Z = v,, * z/2,
L=v,*I2a).

Takazawa numericky integroval rovnicu (1). Jej zjednoduseny
tvar je rovnica (2)
Tk

0 —ZR;Z = 3.1L%5% exp(—0,69L %7 Z) )

a rovnica pre teplotu na povrchu O, (z = 0) je

0, = 0,947 k' F.Rv.v, *¥17%9, (3)
kde R - koeficient prerozdelovania tepla,
- tangencialna zlozka reznej sily (N),

- rezna rychlost (m/s),
- dizka kontaktu (m).

= ﬁm

c

~

c

F, * v, je celkova energia, ktord sa v zone rezania vytvori Q,.
Koeficient prerozdelovania tepla R moze byt vypocitany z rovnice
(3), ak sa do nej dosadia namerané hodnoty O, a F,.

a

L

AN

Meranie F, bolo vykonané
na piezoelektrickom dynamo-
metri KISTLER sucasne s me-
ranim teploty. Meranie teploty
bolo vykonané prostrednic-
tvom poloumelého termoclan-
ku (obrazok 1) navrhnutého 1
Peklenikom [6] a zdokonale-
ného Guom a Wagerom [7]
(obe veliCiny merané cez
A/D kartu do PC).

Obr. 1 Termocldnok podla Peklenika na meranie teploty,
1 - obrobok, 2 - izoldcia, 3 - vodic, 4 - spoj termocldnku, rozotreny kov
Fig. I Peklenik method for measurement of temperature (1 - workpiece,
2 - insulation, 3 - wire conductor, 4 - hot junction, smeared metal)

distribution when grinding titanium alloy VT9 differs from heat
distribution when grinding conventional roll bearing steels
because of poor thermal properties of titanium alloys (heat con-
ductivity of titanium alloys is 7.5 W/m.K).

Experimental method

Experimental analysis of heat distribution is based on
“Moving Heat Source Theory” (Jaeger [5]). The heat source of
constant heat flux per unit area ¢, length 2/, moves along the
surface of a semi-infinite stationary body at a constant velocity v,,.
The origin of coordinate axes x, z is at the center of the heat
source. A two-dimensional, steady-state temperature distribution
for this model is obtained as

kv X+ L
TKY,, :J e Ky [(Z2 + u?)*)du (1)
2qa X-L
where © - temperature rise above ambient (°C),

a - thermal diffusivity (m?/s),

k - thermal conductivity (W/m.K),

g -heat flux (m>kg/s),

[ - half lenght of band source (m),

K, - the modified Bessel function,

u - specific grinding energy (J /m3),

X, Z, L - dimensionless quantities (X = v,, * x/2a, Z = v,, *
*z[2a, L= v, * I[2a).

Takazawa obtained a solution for the equation (1) by

numerical integration. Its simplified form is
kv, _
0 0 — 311058 exp(—0.69L % Z) @)
2Rqa

and the equation for a maximum temperature rise O, (z = 0) is

0, = 0.9470°Y k= F,Rv,v, 471704 (3)

c’w

where R - energy partition,

F,. - tangential force component (N),
v, - wheel speed (m/s),
/. - contact lenght (m).

F. * v_is the total energy created in the cutting zoneQ,. The
energy partition R can be calculated by substituting the maximum
temperature rise O, and the tangential grinding force F, into equa-

tion (3).

The measurement of F, was
done by a piezoelectric KISTLER
dynamometer to-gether with the
measurement of temperature. The
temperature was measured by
thermocouple technique (Fig. 1)
introduced by Peklenik [6] and
improved by Gu and Wager [7]
(both quantities measured through
A/D card to PC).
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Podmienky experimentov: v, = 25 m/s, v,, = 4 m/min, brisny
kotuc A99 60LVS, obrabané materialy boli titanova zliatina VT 9
(tepelna difuzivita 2,87*10~° m?/s, medza pevnosti Rm = 900
MPa, zihana) a kalena loZiskova ocel 14 209.4 (tepelna difuzivita
12,4%10~% m?/s). Struktura zliatiny VT9 je tvorena a a 8 fazou.
Jej chemické zlozenie je uvedené v tabulke 1.
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The experimental conditions: v, =25 m/s, v, =4 m/min,
grinding wheel A99 60LVS, machined materials titanium alloy VT
9 (thermal diffusivity 2.87*10~° m?/s, yield strength Rm = 900
MPa, after annealing) and hardened roll bearing steel 14 209.4
(thermal diffusivity 12.4*107% m?/s). The structure of VT9
consists of a and 3 phase. Its chemical composition is in Table 1.

Chemické zloZenie titanovej zliatiny VT9 Tab. 1
Chemical composition of titanium alloy VT9 Table 1
Element Al Mn Si Zr 0, N, H, C Fe

% 5.8-17 2.8-38 0.2-0.3 0.8-2.5 =0.15 =0.05 = 0.015 =0.1 =025
Vysledky experimentov Experimental results
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Obr. 2 Zdznam teploty pri briiseni titanovej zliatiny VT9 Obr. 3 Teplota na povrchu pre kalenti loZiskovii ocel’
(a,= 0,03 mm) a titanovi zliatinu VT9
Fig. 2 Typical measured temperature rise when grinding titanium Fig.3 Surface temperature for hardened roll bearing steel
alloy V19 (a, = 0.03 mm) and titanium alloy VT9
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Obr. 4 Celkové mnozstvo vyvinutého tepla Q, a tangencidlna zlozka
reznej sily F, pripadajiice na 1 mm Sirky briisenia
Fig.4 Total heat Q, and tangential component of grinding force
F.per I mm of grinding width

Teplota na povrchu O, je maximum hladkej krivky preloZenej
cez namerany zaznam. Vplyv hibky rezu na tuto teplotu je zobra-

Obr. 5 Koeficient prerozdelovania tepla R
Fig. 5 Partition Ratio R

The temperature on the surface O, was obtained by putting
a smooth curve through the measured trace. Figure 3 presents
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zeny na obrazku 3. Celkové mnoZstvo vyvinutého tepla je dané
meranim tangencialnej zlozky reznej sily a reznej rychlosti,
obrazok 4.

Koeficient prerozdelovania tepla R (obrazok 5) je pomer
mnozstva tepla vstupujiceho do obrobku k celkovému teplu, ktory
je mozné vypocitat z rovnice (3) na zaklade nameranych O,
(obrazok 3) a tangencialnej zlozky reznej sily F, (obrazok 4).

Diskusia a zaver

Pri operaciach brusenia sa takmer vSetka energia brusenia
premiena na teplo v zone rezania. Pri bruseni bez aplikacie reznej
kvapaliny je teplo zo zony rezania odvadzané: obrobkom, brusnym
kotucom a trieskou. Maximalne mozné mnozstvo tepla odvadzané
trieskou moze byt vyjadrené na zaklade objemu odobratého kovu,
jeho hustoty, merného tepla a rozdielu medzi teplotou tavenia
materialu a teplotou okolia [8]. Na zaklade tejto uvahy maximalne
mnoZstvo tepla vstupujuceho do triesky je pre 14 209.4 priblizne
8 % a 4,5 % pre titanovu zliatinu. Vel'ké mnoZstvo vyvinutého tepla
vstupuje do obrobku, ¢o ma za nasledok extrémne vysoké teploty
v mieste styku brusneho kotuca a obrobku.

Ako preukazali vysledky experimentov, malé mnoZstvo tepla
vstupuje do brusneho kotuca pri bruseni kalenych oceli. Na
druhej strane priblizne 65 % tepla je odvadzané brusnym koticom
pri braseni titanovej zliatiny. Velké mechanické a tepelné zataze-
nie brisnych zfn pri bruseni titanovych zliatin ma za nasledok
zvysenie intenzity opotrebovania brisneho zrna a silnej adhézii
obrabaného materidlu a brusnych zfn. [9]. Maximalny narast
teploty pre titdnovu zliatinu je ovela vyssi ako pre kalenu ocel, hoci
mnoZstvo energie vstupujicej do titanovej zliatiny je mensie, vzhla-
dom na to, Ze tepelna vodivost titanovej zliatiny je ovela mensSia
(v porovnani s kalenou ocelou).

Vysoka teplota a jej velky gradient Casto vedie k tepelnému
poskodeniu dokon¢ovanych povrchov. Toto poskodenie moze byt
indikované Strukturalnymi zmenami v povrchovych vrstvach,
zmenou mikrotvrdosti, viditelnym opalom povrchu, vznikom
trhlin alebo tahovymi zvySkovymi napatiami. Tlakové napétie je
Ziaduce, pokial ide o inavovu pevnost, kym vzniku tahovych napéti
je ziaduce sa vyhnut. Tahové zvyskové napitia pod brusenym
povrchom su dané tepelnou expoziciou podpovrchovych vrstiev,
predovsetkym rozdielnym ohrievanim a ochladzovanim vrstiev
rozne vzdialenych od povrchu. Rovnica (2) umoznuje vypocitat
teplotu vo vrstvach pod povrchom (obrazok 6).

Gradient teploty je Va¢si pre titanovu zliatinu ako pre kalenu
loziskovu ocel. Hoci teplo vstupujice do titinovej zliatiny je nizsie
ako teplo vstupujuce do kalenej ocele, teplota na povrchu a gradi-
ent teploty je vyssi. Povrch titanovych zliatin je preto mozné lahko
poskodit pocCas operacii brusenia, predovsetkym pri drastickych
podmienkach obrabania (vyssie hodnoty a,), ktoré sa pouZzivaju
v zaujme zvySenia produktivity vyroby. Teplota na povrchu a energia
vstupujuca do obrobku rastu s rastucou hibkou rezu.

Aj napriek tomu, Ze teplota, ktorej je povrch suciastok z tita-
novych zliatin vystaveny takmer neprekracuje prevadzkovu

a relation of surface temperature to a cutting depth. The total heat
was determined by measuring a tangential force and wheel speed
(Figure 4).

The partitioning ratio R (Figure 5) is the portion of the heat
entering the workpiece to the total heat calculated by substituting
the maximum temperature rise O, from Figure 3 and the
tangential grinding force F, from Figure 4 into equation (3).

Discussion and conclusion

In grinding operation almost all the grinding energy is
converted into heat within a small grinding zone. There are three
significant heat sinks in dry grinding: workpiece, grinding wheel
and grinding chips. The maximum possible heat entering grinding
chips may be expressed in terms of the specific metal removal, the
density, the specific heat capacity and the difference between the
melting temperature and the ambient temperature [8]. On the
basis of this assumption the maximum heat entering the grinding
chips is about 8 % for 14 209.4 and abut 4.5 % for titanium alloy.
A large part of the generated heat flows into the workpiece, which
results in extremely high temperatures at the interface between the
wheel and the workpiece.

On the base of the experimental results it is possible to say that
a small portion of energy enters the grinding wheel when grinding
hardened steel. On the other hand about 65 % of heat is entering
the grinding wheel when grinding titanium alloy. The high mecha-
nical and thermal load of grains when grinding titanium alloy leads
to a high grain wear rate and strong adhesion between a machined
material and cutting grain [9]. The maximum temperature rise for
titanium alloy is much higher than that of roll bearing steel, al-
though the net energy input for titanium alloy is smaller than for
hardened steel. This is because the thermal conductivity of tita-
nium alloy is much smaller than that of the hardened steel.

The high temperature and its high gradient often lead to
a thermal damage on finished surfaces. The damage can be indi-
cated by structural changes in the surface layers, change of mic-
rohardness, visible surface burn, creation of cracks or tensile
residual stresses. The compressive residual stress is beneficial
when fatigue strength is being considered, while the tensile resi-
dual stresses should be avoided. Tensile residual stresses under the
ground surface are given by a thermal exposition of layers under
the surface, first of all different heating and cooling layers of dif-
ferent distance form the surface. Equation (2) enables to calculate
temperatures in different layers under the surface (Figure 6).

The temperature gradient for titanium alloy is much higher
than that for hardened roll bearing. Although the heat entering the
titanium alloy is lower than the one entering the hardened steel,
surface temperature and temperature gradient are higher and so
the surface of titanium alloys is easily damaged during grinding
operations, especially during abusive cutting conditions (higher
a,) that are used to increase productivity. The surface temperature
and energy entering the workpiece increase with the increase of
a cutting depth.

Even though the surface temperature must not overcome the
working temperature for the parts made of titanium alloys, the
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teplotu, zvySkové napitia touto
teplotou indukované mozu viest
k znacnému zniZeniu unavovej
pevnosti vplyvom poskodenia
povrchu.

Tepelnému poskodeniu bru-
senych povrchov suciastok z ti-
tanovych zliatin bez znizenia
produktivity sa mozno vyhnut
pouZzitim bruasnych kotucov na
baze diamantu, alebo KNB, pri
aplikacii ktorych rovnakou me-
todikou merania ako pri kotuci
na baze Al,0; st teploty name-
rané na povrchu obrobku niZsie.
Na druhej strane vysoka cena

KNB a diamantovych kotucov limituje ich aplikaciu.
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Obr. 6 Teplota pod briisenym povrchom (a, = 0,02 mm)
Fig.6 Temperature under the ground surface (a, = 0.02 mm)
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tensile residual stresses induced
this temperature can result in
appreciably lower fatigue strength
due to a surface damage.

The use of diamond and
CBN grinding wheels enables to
reduce tendency for thermal
damage of ground surfaces of
parts made of titanium alloys
without productivity decreasing.
Surface temperatures for CBN
and diamond grinding wheels
measured by the same technique
are significantly lower than those
measured for 4/,0;. On the other
hand, high costs of CBN and

diamond grinding wheels limit their application.
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