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zaostalih napetosti l

Analysis of the Heat Distribution when Grinding of a VT 9
Titanium Alloy and its Relation to Residual Stresses

Miroslav NesluSan - Andrej Czan - Uros Zuperl

Porazdelitev toplote pri strojni obdelavi je ena od fenomenoloskih znacilnosti tega postopka, ker
pomembno vpliva na funkcionalne lastnosti obdelanih povrsin. Prispevek obravnava porazdelitev toplote
pri brusenju titanove zlitine VT 9 in njeno razmerje do kakovosti brusenih delov, ki jo predstavijajo zaostale
napetosti. Analiza porazdelitve toplote temelji na merjenju temperature na stiku brusa in obdelovanca ter
obodne komponente rezalne sile. Porazdelitev toplote pri brusenju titanove zlitine VT 9 se razlikuje od
porazdelitve toplote pri brusenju obicajnega jekla za kotalne lezaje (14 209.4), kot tipicnega predstavnika
brusenih kaljenih jekel in sicer predvsem zaradi majhne toplotne prevodnosti titanijevih zlitin. Nadalje,
uporaba CBN in diamantnih brusov znatno zmanjsa izpostavijenost brusenih delov toploti, predvsem kadar
se uporablja hladilno-mazalna tekocina. To dejstvo pomembno vpliva na zaostale napetosti po brusenju.
Rezultati analize kazejo, da obstaja mocna povezava med porazdelitvijo energije in zaostalimi napetostmi.
© 2002 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: brusenje, zlitine titana, porazdelitve toplote, zaostale napetosti)

Heat distribution during machining is one of the phenomenological characteristics of this process
because it significantly influences the functional properties of machined surfaces. This paper deals with heat
distribution during the grinding of a VT 9 titanium alloy and its relationship to the quality of ground parts
in terms of residual stresses. The analysis of the heat distribution is based on a measurement of the temperature
in the contact of the grinding wheel and workpiece, and the tangential component of the cutting force. The
heat distribution when grinding a VT 9 titanium alloy differs from the heat distribution when grinding a
conventional (14 209.4) roll-bearing steel (a typical representative of ground-hardened steels) mainly
because of the low heat conductivity of titanium alloys. Also the application of CBN and diamond grinding
wheels significantly reduces the thermal exposition of the ground parts, primarily when applying cutting
fluid. This fact significantly influences the residual stresses after grinding. The results of the analysis show
that there is a strong correlation between energy partitioning and residual stresses.
© 2002 Journal of Mechanical Engineering. All rights reserved.

(Keywords: grinding, titanium alloys, heat distributions, residual stresses)

0UVOD

Titan in njegove zlitine so priljubljeni materiali
zaradi njihovega edinstvenega velikega razmerja med
trdnostjo in tezo, ki se ohranja pri zvisanih
temperaturah ter zaradi njihove izjemne odpornosti
proti koroziji. Titanove zlitine se uvrs¢ajo med tezko
obdelovane materiale. Strojno obdelani deli iz
titanovih zlitin so obicajno izpostavljeni utrujanju,
kajti najpogosteje se titan uporablja v letalski in
vesoljski industriji za ogrodja letal in komponente
motorjev. Fine operacije strojne obdelave imajo
obicajno za posledico nihajno utrujenostno trdnost,
ki je mnogo vecja (do priblizno 5-krat) kakor pri
ustreznih neugodnih rezalnih razmerah [1]. Kahles
idr. [2] trdijo, da se povrsina titanovih zlitin zlahka

O0INTRODUCTION

Titanium and its alloys are attractive materials
due to their very high strength-to-weight ratio, which
is maintained at elevated temperatures. and their
exceptional corrosion resistance. Titanium alloys are
classified as difficult-to-machine materials. The
machined parts made from titanium alloys are usually
exposed to the fatigue load because the major
applications of titanium have been in the aerospace
industry, where titanium is used in airframes and
engine components. Gentle machining operations
usually result in a high cyclic fatigue strength that is
much higher (as much as five times) than that of the
corresponding unfavourable cutting conditions [1].
Kabhles et al. [2] claim that the surface of titanium
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poskoduje med postopki strojne obdelave, zlasti med
brusenjem. Celo ustrezna praksa brusenja z uporabo
obicajnih parametrov ima za posledico znatno nizjo
utrujenostno trdnost zaradi poskodb povrSine.

Poskodbe obdelovanca pri brusenju so
obicajno termi¢no povzrocene, in sicer ne samo zaradi
toplote, nastale v coni rezanja, ampak tudi zaradi
temperature na povrsini brusenega dela, njenega
gradienta in koeficienta R - razmerja porazdelitve
(razmerje med toploto, ki vstopi v obdelovanec in
celotno toploto). Zaostale natezne napetosti, ki so
termi¢nega izvora, so lahko nesprejemljive. Pri
raziskavah je bilo ugotovljeno, da se ugodne tlacne
napetosti bolj verjetno dosezejo z brusi CBN in
diamantnimi brusi. Rezultati raziskav [3] kazejo, da je
ugodneje uporabiti bruse CBN in diamantne bruse,
pri katerih je vstop energije v obdelovanec manjsi.
Razmerje porazdelitve je zato koristen pokazatelj
ucinkovitosti brusa glede na verjetnost nateznih
napetosti.

Pri brusenju obi¢ajnih jekel za kotalne lezaje
in pri uporabi brusa iz korunda vecina energije vstopa
v obdelovanec (90%) ([3] in [4]). To je podano s
kinemati¢nimi pogoji in z dejstvom, da je toplotna
prevodnost obicajnih lezajnih jekel (46 W/mK) vecja
kot toplotna prevodnost brusa iz korunda (6+30 W/
mkK, veliko podroc¢je podanih vrednosti). Porazdelitev
toplote pri brusenju titanove zlitine VT 9 se razlikuje
od porazdelitve toplote pri brusenju obicajnih jekel
za kotalne lezaje, zaradi slabih termic¢nih lastnosti
titanovih zlitin (toplotna prevodnost titanovih zlitin
je 7,5 W/mK) in zato ta prispevek obravnava analizo
toplotne porazdelitve in njeno razmerje do kakovosti
brusenih delov, ki je odvisno od zaostalih napetosti.

1 EKSPERIMENTALNA METODA

Eksperimentalna analiza porazdelitve toplote
temelji na “’teoriji pomicnega vira toplote™ [5]. Vir
toplote s stalnim tokom toplote na enoto povrsine ¢,
dolzino 2/, se premika vzdolz povrSine
polneskonénega mirujocega telesa z nespremenljivo
hitrostjo v . Izhodis¢e koordinatnih osi x, z je v
sredi$cu izvora toplote. Dobimo dvorazsezno,
ustaljeno porazdelitev toplote:

2ga

kjer pomenijo:

6 —dvig temperature nad temperaturo okolice v C°,

o — termic¢no difuzivnost v m%s,

k — toplotno prevodnost v W/mK,

q —toplotni tok v m’kg/s,

I —polovi¢no dolzino obmocja izvora v m,

K, —modificirano Bessel-ovo funkcijo,

u — specifi¢no energijo brusenja v J/m’,

X, Z, L — brezrazsezne vrednosti (X:vw~x/2(x, Z:vw-z/
20, L=v 1120).
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alloys is easily damaged during machining
operations, especially during grinding. Even proper
grinding practice using conventional parameters
results in an appreciably lower fatigue strength due
to surface damage.

The damage to a workpiece when grinding is
usually thermally induced and comes not just from the
heat generated in the cutting zone, but also by the
temperature on the surface of a ground part, its gradient
and R coefficient (the partition ratio: the ratio of the
heat entering the workpiece to the total heat). Residual
tensile stresses, which are primarily thermal in origin,
may be unacceptable. Investigations have found that
preferred compressive stresses are more likely to be
achieved with CBN and diamond grinding wheels.
Results of investigations [3] indicate an advantage of
CBN and diamond grinding is a smaller proportion of
the energy entering the workpiece. The partition ratio is
therefore a useful indicator of grinding-wheel
performance relevant to the likelihood of tensile stresses.

Most of the energy enters the workpiece (90%)
when grinding conventional roll-bearing steels using
an alumina grinding wheel ([3] and [4]). This is given
by kinematics conditions and the fact that the thermal
conductivity of conventional roll-bearing steels (46
W/mK) is higher than that the alumina grinding wheel
(630 W/mK, wide range of the presented values).
The heat distribution when grinding a VT 9 titanium
alloy differs from the heat distribution when grinding
conventional roll-bearing steels because of the poor
thermal properties of titanium alloys (the thermal
conductivity of titanium alloys is 7.5 W/mK) and so
this paper deals with its analysis and the relation to
quality of the ground parts in terms of residual stresses.

1 EXPERIMENTAL METHOD

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

0% = [ K A2 ) (™,

where:

6 —temperature rise above ambient temperature (°C),

a —thermal diffusivity (m?s),

k —thermal conductivity (W/mK),

q —heat flux (m*kg/s),

[ —half length of the band source (m),

K, — the modified Bessel function,

u —specific grinding energy (J/m?),

X, Z, L —dimensionless quantities (X:vw-x/20c, 7= vw-z/
20, L=V 1200).
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Takazawa je dobil resitev za enacbo (1) z
numeri¢no integracijo. Njena poenostavljena oblika je:

kv,

0

2R, qa

in enacba za najvecji dvig temperature 0, (z=0) je:

0,=0,947a"k'ER vy, Y104

kjer pomenijo:

F_ — obodno komponento sile v N,
v, — hitrost brusa v m/s,

[, —dolzino dotika v m.

F, - v_je skupna energija, ustvarjena v
podrocju rezanja Q. Porazdelitev energije R se lahko
izracuna tako, da vstavimo najve¢ji dvig temperature
0, in obodno silo bruSenja F, v enacbo (3).

Meritev vrednosti F_ je bila izvedena s
piezoelektricnim merilnikom sile KISTLER skupaj z
meritvijo temperature. Temperatura je bila izmerjena z
metodo termoelementa (sl. 1), ki jo je uvedel Peklenik
[6] in ki sta jo izboljsala Gu in Wager [7] (obe vrednosti
sta bili merjeni z uporabo kartice A/D na osebnem
racunalniku).

Rezalne razmere: v, = 25 m/s, v, = 4 m/min,
brus A99 60LVS, profilno brusenje, s hladilno mazalno
tekoc€ino in brez nje (Emulzin z 2 % koncentracijo).

Strojno obdelani materiali:

1. titanova zlitina VT 9 — termi¢na difuzivnost
2,8710°m?/s, meja plasticnosti R_=900 MPa po
zarjenju. Sestava zlitine VT 9 je iz faze o in .
Njena kemic¢na sestava je podana v preglednici
L.

Kaljeno jeklo za kotalne lezaje (14 209.4) — termicna
difuzivnost 12,4:10° m?%s. Kemi¢na sestava je
podana v preglednici 2.

=3.1L"% exp(-0,69L"7Z)

Takazawa obtained a solution for equation (1) by
using numerical integration. Its simplified form is:

2

and the equation for a maximum temperature rise 6
(z=0)is:

d

o, L 3).
where:

F_ — tangential force component (N),

v, —wheel speed (m/s),

[, — contact length (m).

F_-v_is the total energy created in the cutting
zone Q. The energy partition R can be calculated by
entering the maximum temperature rise 0, and the
tangential grinding force F, into equation (3).

The measurement of F, was made with a
piezoelectric KISTLER dynamometer together with
the measurement of temperature. The temperature was
measured with the thermocouple technique (Fig.1)
introduced by Peklenik [6] and improved by Gu and
Wager [7] (both quantities measured through an A/
D card to a PC).

Cutting conditions: v = 25 m/s, v =4 m/min,
grinding wheel A99 60LVS, plane plunge grmdmg, with
and without cutting fluid (Emulzin 2 % concentration).

Machined materials:

1. VT 9 titanium alloy - thermal diffusivity
2.8710°m?/s, yield strength R = 900 MPa, after
annealing. The structure of VT9 consists of o
and B phase. Its chemical composition is given in
Table 1.

hardened roll-bearing (14 209.4) steel - thermal
diffusivity 12,4:10m?%s. Its chemical composition
is given in Table 2.

premazan vroci spoj kovine obdelovanec
smeared metal - hot junction workpiece
=<
?zolacij‘a krom-nikljev vodnik
insulation

Cr-Ni wire conductor

Sl. 1. Peklenikova metoda za merjenje temperature na stiku brusa in obdelovanca
Fig.1 Peklenik method for the measurement of the temperature in the contact of the grinding wheel and the workpiece
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Preglednica 1. Kemicna sestava titanove zlitine VT 9
Table 1. Chemical composition of the VT 9 titanium alloy

element Al Mn Si Zr 0> N> H» C Fe
% 5,8-7 2,8-3,8 0,2-0,3 0,8-2,5 <0.15 < 0.05 <0.015 <0.1 < 0.25

Preglednica 2. Kemicna sestava jekla za kotalne lezaje (14 209.4)
Table 2. Chemical composition of the hardened roll-bearing (14 209.4) steel

element Cr Mn Si Cu S P Ni C
% 1,3-1,6 0,9-1,2 0,3-0,6 <0,25 <0,03 < 0,03 <0.3 1
2 EKSPERIMENTALNIREZULTATI 2 EXPERIMENTAL RESULTS
Temperaturo na povrsini &, smo dobili tako, The temperature on the surface, 6, was
da smo dali gladko krivuljo skozi merjeno obmocje. obtained by putting a smooth curve through the
Slika 3 kaze odnos med temperaturo povrsine in measured trace. Figure 3 presents the relation between
globino rezanja. Skupna toplota je ugotovljena the surface temperature and the cutting depth. The
tako, da smo izmerili obodno silo in hitrost koluta total heat was determined by measuring the tangential
(sl. 4). force and the wheel speed (Figure 4).
1200
°C

—

1000
800 W

600

400 M \

200 # \

Cas / time - s

temperatura / temperature

Sl. 2. Tipicni izmerjeni dvig temperature pri brusenju titanove zlitine VT 9 (ap = 0,03 mm)
Fig.2. Typical measured temperature rise when grinding the VT 9 titanium alloy (a,= 0.03 mm)
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Sl. 3. Temperatura povrsine kaljenega jekla za kotalne lezaje 14 209.4 in titanove zlitine VT 9
Fig. 3. Surface temperature for the hardened roll-bearing 14 209.4 steel and the VT 9 titanium alloy
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SlI. 4. Skupna toplota Q in obodna komponenta brusne sile F, na 1 mm Sirine bruenja
Fig. 4. Total heat, Q, and tangential component of grinding force, F, per Imm of grinding width
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SI. 5. Razmerje porazdelitve R
Fig. 5. Partition Ratio R

Razmerje porazdelitve R (sl. 5) je delez toplote,
ki vstopi v obdelovanec, proti celotni toploti, ki jo
izracunamo tako, da vstavimo najvecji dvig
temperature &, s slike 3 in obodno silo brusenja F s
slike 4 v enacbo (3).

Pri postopku bruSenja se skoraj vsa
energija bruSenja spremeni v toploto na
majhnem obmoc¢ju brusenja. Pri suhem brusenju
so trije pomembni toplotni ponori:
obdelovanec, brus in odrezki. Najve¢ja mogoca
toplota, ki vstopi v odrezke, se lahko izrazi z
specificno odstranitvijo kovine, gostoto,
specifi¢no toplotno kapaciteto in razliko med
temperaturo taljenja in temperaturo okolice [8].
Na temelju te predpostavke je najvecja toplota,
ki vstopi v odrezke, priblizno 8 % pri 14 209.4 in
priblizno 4,5 % pri titanovi zlitini. Velik del
nastale toplote preide v obdelovanec, kar ima

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

In a 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: the workpiece, the grinding wheel and the
grinding chips. The maximum possible heat entering
the grinding chips can 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 about
4.5% for the titanium alloy. A large part of the
generated heat flows into the workpiece, which
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za posledico skrajno visoke temperature na
stiku med brusom in obdelovancem.

Na podlagi eksperimentalnih rezultatov je
mogoce trditi, da majhen delez energije vstopi v
brus pri brusenju kaljenega jekla. Pri brusenju
titanove zlitine v brus vstopi priblizni 65 %
toplote. Velika mehanska in termi¢na obremenitev
zrn pri brusenju titanove zlitine vodi do velike
obrabe zrn in mo¢ne adhezije med obdelovanim
materialom in rezalnim zrnom [9]. Najvecji dvig
temperature pri titanovi zlitini je mnogo vecji
kakor pri lezajnem jeklu, ¢eprav je Cisti vnos
energije pri titanovi zlitini manjsi kakor pri
kaljenem jeklu. To je zato, ker je toplotna
prevodnost titanove zlitine mnogo manjsa kakor
pri kaljenem jeklu (koncentracija toplote na stiku
brusa in obdelovanca pri bruSenju titanove
zlitine).

Rezultati naslednjih preskusov kazejo, da
uporaba diamantnih brusov in brusov CBN omogoca,
da zmanjSamo nagnjenje k termi¢nim poskodbam
brusenih povr$in na delih iz titanove zlitine VT 9.
Temperature povrsine pri brusih CBN in diamantnih
brusih, izmerjene z isto metodo, so znatno nizje od
temperature povrSine, izmerjene pri AlLO,, in sicer
predvsem pri uporabi hladilno mazalne tekoCine
(Emulzin H z 2-odstotno koncentracijo), pregl. 3.
Nadalje, vrednosti porazdelitvenih razmerij so mnogo
nizje pri brusih CBN in diamantnih brusih ter pri
uporabi hladilno mazalne tekocCine, pregl. 4. Titanova
zlitina se oprime brusnih zrn in tako ustvari mo¢no
oviro za prenos toplote (predvsem pri uporabi brusov
CBN in diamantnih brusov, zaradi njihove mnogo
vecje termicne prevodnosti v primerjavi z brusom iz
Al O,). Hladilno mazalna tekocina ustvari film na
brusnih zrnih in tako prepre¢i mo¢no adhezijo titanove
zlitine.

results in extremely high temperatures at the interface
between the wheel and the workpiece.

On the basis 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 the heat is entering the grinding
wheel when grinding the titanium alloy. The high
mechanical and thermal load of the grains when grinding
the titanium alloy leads to a high grain-wear rate and
strong adhesion between the machined material and the
cutting grain [9]. The maximum temperature rise for the
titanium alloy is much higher than that of the roll-bearing
steel, although the net energy input for the titanium alloy
is lower than for the hardened steel. This is because the
thermal conductivity of the titanium alloy is much smaller
than that of the hardened steel (the concentration of heat
in the contact of the grinding wheel and the workpiece
when grinding the titanium alloy).

The results of the next experiments show that
the use of diamond and CBN grinding wheels reduces
the tendency to induce thermal damage to the ground
surfaces of parts made from the VT 9 titanium alloy.
The surface temperatures for the CBN and diamond
grinding wheels, measured with the same technique,
are significantly lower than those measured for ALO,,
primarily when applying cutting fluid (Emulzin H 2 %
concentration), Table 3. Next, the values of the
partitioning ratios are much lower with CBN and
diamond grinding and the use of cutting fluid, Table 4.
Titanium alloy adheres to the grinding grains and so
creates a strong barrier against heat transfer (mainly
when using CBN and diamond grinding wheels,
because of their much higher thermal conductivity in
comparison with an Al O, grinding wheel). The cutting
fluid creates a film on the grinding grains and so
eliminates the strong adhesion of titanium alloy.

Preglednica 3. Vpliv hladilno mazalne tekocine (Emulzin H - 2 % koncentracijo) na temperaturo na stiku
brusa in obdelovanca, v, = 25 m/s, v, = 4 m/min, a, = 0,02 mm

Table 3. The influence of cutting fluid (Emulzin H — 2 % concentration) on the temperature in the contact of
the grinding wheel and the workpiece, v.=25 m/s, v, =4 m/min, a,= 0.02 mm

ALO3 CBN Diamant / Diamond
°C °C °C
suho / dry Emulzin H suho / dry Emulzin H suho / dry Emulzin H
14 209.4 455 275 300 180 222 167
VT 9 695 580 610 235 340 180

Preglednica 4. Vpliv hladilno-mazalne tekocine (Emulzin H - 2 % koncentracijo) na razmerje porazdelitve R,
v =25 m/s, v, =4 m/min, a,= 0,02 mm

Table 4. Influence of cutting fluid (Emulzin H — 2 % concentration) on the partitioning ratio R , v, = 25 m/s,
v, =4 m/min, a,= 0.02 mm

AlOs CBN Diamant / Diamond
% % %
suho / dry Emulzin H suho / dry Emulzin H suho / dry Emulzin H
14 209.4 88 68 77 48 64 48
VT9 40 38 33 12 29 19
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Sl. 6. Zaostale napetosti po brusenju titanove zlitine VT 9 brez uporabe hladilno mazalne tekocine,
v, =25m/s, v =4 m/min, a,= 0,02 mm
Fig. 6. Residual stresses after grinding the VT 9 titanium alloy without cutting fluid,
v, =25m/s, v, =4 m/min, a,=0.02 mm
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Sl. 7. Zaostale napetosti po brusenju titanove zlitine VT 9 z uporabo hladilno mazalne tekocine (Emulzin
H - 2 % koncentracijo), v, = 25 m/s, v, =4 m/min, a,= 0,02 mm
Fig. 7. Residual stresses after grinding the VT 9 titanium alloy with cutting fluid (Emulzin H—2 %
concentration), v, = 25 m/s, v, =4 m/min, a,= 0.02 mm

Zmanjsanje termi¢ne obremenitve brusenega
dela znatno vpliva na njegovo kakovost, ki jo
predstavljajo zaostale napetosti (sl. 6 in 7).

Rezultati merjenja zaostalih napetosti kazejo,
da obstaja moc¢na zveza med razmerjem porazdelitve
R in zaostalimi napetostmi. Tla¢ne zaostale
napetosti so postale bolj verjetne pri nizjih
vrednostih razmerja porazdelitve R (manjsi delez
energije vstopi v obdelovanec). Tako brusenje
titanove zlitine VT 9 z brusi CBN in diamantnimi
brusi ter z uporabo hladilno-mazalne tekocine
omogoca, da dosezemo sprejemljive zaostale
napetosti. Po drugi strani pa visoki stroski brusov
CBN in diamantnih brusov omejujejo njihovo
uporabo. Ceprav temperatura povr§ine ne sme
presegati delovne temperature, pri delih iz titanovih
zlitin, lahko imajo natezne zaostale napetosti, ki jih
povzroci ta temperatura, za posledico znatno nizjo
utrujenostno trdnost zaradi poskodb povrSine.

Reducing the thermal load on the ground part
significantly influences their quality, represented by
residual stresses, Fig. 6 and Fig. 7.

Results of the measurement of residual
stresses show that there is a strong correlation
between the partition ratio, R , and the residual
stresses. Compressive residual stresses become more
likely with lower values of partition ratio (smaller
proportion of the energy entering the workpiece).
And so CBN and diamond grinding of the VT 9
titanium alloy with cutting fluid enables us to achieve
acceptable residual stresses. On the other hand, the
high costs of CBN and diamond grinding wheels limit
their application. Even though the surface
temperature must not exceed the working temperature
for the parts made of titanium alloys, the tensile
residual stresses induced at this temperature can
result in an appreciably lower fatigue strength due to
the surface damage.
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Zaradi tega se dandanes nagibamo k temu, da
se vkljuci dodaten postopek mehanskega utrjevanja
brusenih povrsin pri vseh delih v letalski in vesoljski
industriji.
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For these reasons there is a current tendency
to include an additional operation of mechanically
hardening the ground surfaces of all the parts made
for the aerospace and space industries.
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