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Tool life characteristics were investigated for tungsten carbide cutting tools coated with 
TiC and with TiC plus AI203. A low carbon steel workpiece was turned on a lathe at a 
feed rate of 0.206 to 0.410 mm rev -1 and a depth of cut of 0.1 to 0.5 mm for cutting 
velocities between 100 and 250 m min -1. Data were analysed using both Taylor's tool 
life equation and Wu's tool life method. Results were similar for both methods but Wu's 
method seemed to give more consistent results. Compared to an uncoated tungsten 
carbide tool, the tool life of both the coated tools were from 5 to 7 times longer and the 
improvement was greater at higher cutting speeds. The TiC plus AI203 coated tool was 
slightly superior to the TiC coated tool. The wear mechanism and a possible explanation 
of increased tool life for the coated tools are discussed. 

1. Introduction 
When cutting is performed, the tool life of a cutt- 
ing tool decreases owing to plastic deformation, 
oxidation and wear. Thus the methods for increas- 
ing tool life have been investigated for many 
decades. Recently, chemical vapour deposition 
(CVD) method [1, 2] has enabled the tool life to 
increase longer. CVD is a process of depositing the 
desired material onto a substrate by reacting 
gaseous compounds at elevated temperatures. 
Since TiC coating [3, 4] was developed in 1959, 
various kinds of coatings have been developed 
including TiC, TiCN, HfC, and A1203. Some 
composite coatings are also under investigation. 
A CVD coating on a cutting tool decreases the 
friction between the tool and the workpiece and 
increases the wear resistance, thus increasing the 
tool life. In this paper, a composite coating of 
TiC plus A1203 has been developed, which was 
superior to a single coating in wear resistance and 
hot hardness [5-8].  The tool life of the com- 
posite coating was compared with that of the TiC 
single coating. In analysing the tool life, two tool 
life equations were used; Taylor's equation [9] 
and Wu's equation [10]. The former is a typical 

one-variable equation, and the latter is three- 
dimensional variable equation. Wu's equation is 
more complicated but an economical procedure. 

1.1. Wear test 
Wear is a phenomenon whereby a material dimin- 
ishes gradually from the face of the body as a 
result of mutual movement at the interface of the 
two contacting bodies [11]. There are two kinds 
of wear: flank wear and crater wear. Fig. 1 repre- 
sents the regions of tool wear. In this experiment 
the flank wear was taken as a standard [12] (mean 
flank wearland, VB: 0.3 ram). Fig. 2 represents the 
typical flank wearland. There are various wear 
mechanisms [8, 13, 14]: adhesion wear, abrasive 
wear, diffusion wear and oxidation wear. These 
mechanisms are affected by the cutting condition. 

1.2. Data processing 
Taylor's tool life equation is expressed as follows: 

T V  n = C, (1) 

where T is the tool life (min), V the cutting 
velocity (mmin-a), n an exponent; and C a con- 
stant. Wu's tool life equation is expressed as 
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N'gure 1 Regions of tool wear. 

follows [10]: 

T V a f ~ d  7 = C, (2) 

where T is the tool life (min), V the cutting 
velocity (mmin-1),  f the feed rate (minrev-1), d 
the depth of  cut (ram), a, t3, 3' are exponents, and 
C a constant. 

Equation 2 may be expressed as follows: 

y = bo + b l x l  + b2x2 + b3xa (3) 

where y = l n T ,  b 0 = l n C ,  bl = - a ,  b2 = - - 9 ,  
b3 = - - 3 ' , x l  = in V, x2 = l n f ,  x3 = Ind .  

Equation 3 may be expressed in a matrix form 
as follows: 

Y = B X  (4) 

where Y is the matrix of  y ;  B is the matrix o f b o ,  
bl ,  b2, b 3 ; X i s  the matrix o f x l , x 2 ,  x3. 

Solving Equation 4 in terms of  B 

B = ( x ' a 3 - 1 x - ' r  (s) 

where X '  is the transpose o f  X, (X'X)  -1 the 
inverse o f (X 'X) ,  X -1 the inverse of  X. 

Thus b0, bl,  b2, b3 are expressed as follows: 

bo = ~-(T2 +Y3 +Ys  + Y s  +Y9 +Yl0)  

bl = �88 (Y2 --Y3 --Y5 + YS) 

b2 = �88 +Y3 --Ys +Ys)  

b3 = �88 +Ys  + Y s )  (6) 

Here y / ( i  = 2, 3, 5, 8, 9, 10) is the value of  natural 
logarithm of  the tool life of  the ith data level. 
Fig. 3 represents the block design. 

Tool life criterion: VB = 03  mm VB: mean flank wearland 

Figure 2 Typical flank wearland. 
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Figure 3 Block design. 

2.  E x p e r i m e n t a l  t e c h n i q u e s  

2.1. Coating 
TiC was coated using the CVD method, the reaction 
being as follows: 

+ H  2 

TiC14tg) + CH4tg) 10oooc > TiC(s) + 4HCI(g). (7) 
i arm 

TiC coating on a WC-6Co tool was carried out in 
a resistant furnace. The WC-6Co tool was placed 
in the chamber, and the chamber was flushed with 
argon gas. When the chamber was heated to 
1000~ in a hydrogen atmosphere, CH3 and 
TIC14 vaporized at 50~ were transferred to the 
chamber with hydrogen, and then the deposition 
was carried out. The deposition conditions are 
listed in Table I. 

TiC1 plus A1203 composite coating was carried 
out in a similar way, the reaction being as follows: 

+ H  2 
2A1C13(g) + 3CO2<g) + 3H2<z) - - - - - - +  A1203(s) 

1000 ~ C 

I a~t 

+ 6HCI(g) + 3CO(g). (8) 

The deposition conditions are listed in Table II. 

T A B L E I TiC coating conditions 

Furnace Resistant furnace 

Deposition time 1 h 
Deposition temperature 1000 ~ c 
Total pressure 1 atm 
Partial pressure PTiCl 4 : 30 torr 
Reactor diameter 25 mm 
Bubble temperature 40 ~ C 
Flow rate H 2 : 300 mlmin -1 

CH 4 : 30 mlmin -a 
Used gases CH 4 . H 2 



T A B L E I I AI~O 3 coating conditions 

Furnace Induction furnace 

Deposition time i h 
Deposition temperature 1000 ~ C 
Total pressure 100 torr 
Reactor diameter 26 mm 
Flow rate total 2 litre min -1 
Mole fraction HJCO:  : 0.1, A1C13 : 1% 
Used gases AICla, H:, CO: 

2.2. Cut t ing  
A low carbon steel workpiece was turned on a 
lathe at a feed rate of 0.206 to 0 .410mmrev -1 
and a depth of cut of 0.1 to 0.5 mm for cutting 
velocities between 100 and 250mmin  -1. In 
obtaining Taylor's data, the feed rate and the 
depth of cut were fixed at 0 .3mmrev  -1 and 
0.3mm, respectively. The cutting tool type 
was P20S (SNGN 120408) and the tool holder 
was CSKNR2525-12. After cutting for a certain 
time, the flank wearland was measured using a 
toolmakers microscope. As the cutting velocity 
varied with the workpiece diameter in turning 
operation, the cutting velocity was treated statis- 
tically as follows: 

fD D2 7.1 D dr 
27rN(D~ + 0 1 0 2  + 022) 

D2 3(O1 + 0 2 )  ' 
D dr 

D, (9) 

where ~ is the mean cutting velocity (mmin-1), 
v the cutting velocity (mmin -a), DI,  D2, D the 
work-piece diameter (mm), r the workpiece radius 
(mm), and N the revolutions per minute (rpm). 

3.  R e s u l t s  a n d  d iscuss ion  
The coating thickness of the TiC coating was 5 to 
8#m, and that of the A1203 coating was 3 to 
5 pm. Taylor's tool life equations were obtained 
as follows: 

uncoated tool: VT ~ = 209 

TiC coated tool: VT ~ -- 351 

TiC + A1203 coated tool: VT ~ = 384. 

(10) 

Fig. 4 shows a plot of tool life (7) against cutting 
velocity (V) for uncoated, TiC coated, and TiC + 
A1203 coated tools using Taylor's method. 

As shown above, several facts can be deduced. 
First, the tool life decreases as the cutting velocity 
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cutting velocity (m rain -1) 
Figure 4 T -V  relationships for uncoated, TiC coated, and 
TiC + AI~O 3 coated tools using Taylor's method. 

increases for every tool. In an uncoated tool, wear 
occurs by interdiffusion between the cobalt com- 
ponent of the tool and the iron component of the 
workpiece, by decomposition of WC, and by for- 
mation of an M6C-type compound. As inter- 
diffusion increases with cutting velocity, the tool 
life decreases as the cutting velocity increases. In 
a coated tool, however, no diffusion occurs 
because the coated layer acts as a strong diffusion 
barrier between the tool and the workpiece. In 
this case, wear occurs by abrasion [9] due to the 
high cutting force with increasing cutting velocity, 
thus the tool life decreases as the cutting velocity 
increases. 

Secondly, compared with an uncoated tungsten 
carbide tool, the tool life of both the coated tools 
were from 5 to 7 times longer and the improve- 
ment was greater at higher cutting velocity. This 
result is consistent with P. O. Snell's results [3]. 
The reason for the increase in tool life for the TiC 
coated tool is that the hardness of TiC (3200kg 
mm -2) is greater than that of WC (2400 kg mm-2), 
and the friction coefficient of TiC (0.40 at 25 ~ C, 
0.20 at 900 ~ C) is smaller than that of WC (0.80 
at 25 ~ C, 0.35 at 900 ~ C) [13, 15]. Once the TiC 
layer is formed, it acts as a different lubricant 
from the WC oxidation layer. In addition, the 

1287 



T A B L E I I I Level coding for uncoated tool 

Level V (m min- 1 ) f (mm rev- ' ) d (mm) coding 

Xl  X2 X3 

Level 320 0.410 0.5 1 1 1 
Centre 225 0.300 0.3 0 0 0 
Low 155 0.206 0.1 -- 1 -- 1 -- 1 

T A B L E I V Tool life data for uncoated tool using Wu's method 

Trial V (m min-1 ) f (mm rev-1 ) d (ram) coding T (rain) Results, y 
No. 

X 1 X2 X 3 

2 320 0.206 0.1 1 - 1  - I  4.1 i.41 
3 155 0A10 0.1 -- 1 1 -- 1 20 2.99 
5 155 0.206 0.5 -- 1 -- 1 1 3.0 1.09 
8 320 0.410 0.5 1 1 1 0.3 --1.2 
9 225 0.300 0.3 0 0 0 3.5 1.25 

10 225 0.300 0.3 0 0 0 3.3 i.19 

mutual  solubility between TiC and WC is smaller 
than that  between WC and iron. Therefore, abrasion 
wear is decreased because o f  little fusion between 
the TiC coated tool and the workpiece [3, 13, 15]. 

Thirdly,  the TiC + A1203 coated tool is slightly 
superior to the TiC coated tool at higher cutt ing 
velocity. When cutt ing is performed at 100 to 
1 8 0 m m i n  -1, the cutting temperature is 750 to 
900 ~ C. In this case, possible wear mechanisms are 
abrasion and adhesion [9, 16]. The factors affect- 
ing these two mechanisms are microhardness, 
thermal conductivity,  and the friction coefficient. 
These three factors are similar for two tools at 
cutt ing velocities between 100 and 180m rain -1. 
When cutting is performed at a cutt ing velocity of 
180 to 4 0 0 m m i n  -1, the cutting temperature is 
1000 to 1200~ C [17]. In this case, the hot  hard- 

ness of  A1203 (70RA at 1400K) is greater than 
that  of  TiC (50 to 60RA at 1400K) and abrasive 
wear resistance of  A1203 is bet ter  than that of  
TiC, thus the tool  life for the TiC + A1203 coated 
tool  becomes longer than that  for TiC simple 
coated tool [7, 14]. In actual cutting performance,  
the depth of  cut and the feed rate vary as well as 
the cutting velocity. Thus Wu's equation more 
accurately predicts actual experimental  results. 

Wu's tool  life equations were obtained as 
follows: 

uncoated tool: TV2"683f~ 1"399 = 385 972 

TiC coated tool: TV2"S94f~ ~ = 1 607 242 

TiC + A1203 coated tool: 

TV2"613f~ 0''748 = 214233 

(11) 

Tables III and IV represent the level coding and 
the tool  life data for uncoated tool,  Tables V and 
VI for TiC coated tool, and Tables VII and VIII  

for TiC + A1203 coated tools, respectively. 
As shown above, tool  life decreases as cutt ing 

velocity, feed rate, and the depth of  cut increase, 
while the most  effective factor in the cutt ing 
variables is the cutting velocity, and the feed rate 
is a minor  factor. Comparison of  Taylor 's  equation 
with Wu's method shows similar results for both  
methods,  so that  tool  life can be predicted with 
some accuracy at common cutting velocities. 
However, the tool life can be more easily predicted 
by Wu's equation in the case of  arbitrary cutting 
conditions,  thus Wu's method is more useful than 
that of  Taylor.  

TAB LE V Level coding for TiC coated tool 

Level V (m min -1) f(mm rev -1 ) d (mm) coding 

X 1 X 2 X~ 

High 330 0.410 
Centre 230 0.300 
Low 155 0.206 

0.5 1 1 1 
0.3 0 0 0 
0.1 --1 --1 --1 
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T A B L E V I Tool life data for TiC coated tool using Wu's method 

Trial V (mmin -1 ) f (mm rev -1 ) d (mm) Coding 
DO. 

X1 X2 X3 

T (min) Results, y 

2 330 0.206 0.1 1 -- 1 -- 1 
3 155 0.410 0.1 -- 1 1 -- 1 
5 155 0.206 0.5 - -1  - -1  1 
8 330 0.410 0.5 1 1 1 
9 230 0.300 0.3 0 0 0 

10 230 0.300 0.3 0 0 0 

8.6 
40 
16.2 

1.5 
10 
10.5 

2.152 
3.689 
2.785 
0.405 
2.302 
2.35t 

T A B L E  V I I  Level coding for TiC + A1203 coated tool 

Level V (m min- 1 ) f (mm rev- i ) d (ram) coding 

X1 X2 X3 

High 343 0.410 0.5 1 
Centre 225 0.300 0.3 0 
Low 155 0.206 0.1 -- 1 

1 1 
0 0 

- -1  - -1  

4. Conclusions 
1. The  too l  life equa t i ons  were  o b t a i n e d  as 

follows: 

Tay lor ' s  equa t i ons  

u n c o a t e d  tool :  V T  ~ = 209 

TiC coa t ed  tool :  V T  ~ = 351 

TiC + A1203 c o a t e d  tool :  V T  ~ = 384  

Wu's  equa t i ons  

u n c o a t e d  tool :  TV2"S94f~ 1"399 = 385 972  

TiC c o a t e d  tool :  TV2"S94f~176 = 1 6 0 7 2 4 2  

TiC + A1203 c o a t e d  tool :  

TV2"163f~176 = 2 1 4 2 3 3 .  

2. Too l  life decreases  w i t h  c u t t i n g  ve loc i ty ,  

d e p t h  o f  cu t ,  and  the  feed ra te  for  every tool .  

C o m p a r e d  w i t h  an u n c o a t e d  tool ,  t he  too l  life 

o f  the  c o a t e d  tools  were  5 to  7 t imes  longer  a n d  

the  i m p r o v e m e n t  was grea ter  at  h igher  cu t t i ng  

veloci ty .  The  too l  life o f  TiC + A1203 c o a t e d  tools  

was similar  to  t h a t  o f  a TiC c o a t e d  too l  at  c o m m o n  

cu t t i ng  veloci t ies ,  and  the  f o r m e r  was sl ightly 

super io r  to  the  la t te r .  

3. C o m p a r e d  w i t h  Tay lo r ' s  m e t h o d ,  Wu's  

m e t h o d  seemed  to give m o r e  c o n s i s t e n t  results .  

4. I f  we are to  increase  the  tool  life, use o f  a 

c o m p o s i t e  coa t ing  as well  as o p t i m u m  cu t t i ng  

c o n d i t i o n s  are advisable.  
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