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Computer Modeling of Wear in Extrusion and Forging of 
Automotive Exhaust Valves 

R. Tulsyan and R. Shivpuri 

In an automotive engine valve forging process, the billet is cold sheared, induction heated, and fed to a 
mechanical press for a two-stage forging operation with the first stage being extrusion. The main limiting 
factor in this operation is the wear of the dies during the first stage, extrusion. In this study, abrasive wear 
was identified as the primary mode of  wear, and computer simulation was used to investigate the effect of 
process variables, such as press speed, initial billet temperature, and die preheat temperature upon abra- 
sive wear. The result generated by this study should be applicable to other part geometry and not limited 
just to exhaust valves. 
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1. Introduction 

WEAR of  dies is a complex t ime-dependent phenomenon that 
primarily depends on the four components of  the system: die, 
workpiece, interface conditions, and processing conditions. In 
general, the possible causes of  die failure in metal forming in- 
clude catastrophic fracture, excessive bulk plastic deformation, 
and wear. Failure due to catastrophic fracture and excessive 
bulk plastic deformation may be eliminated by implementing 
an appropriate tool design with adequately selected tool mate- 
rial. However, in most situations, wear does not result from a 
single mechanism. The interaction of  various wear mecha- 
nisms at a contacting interface makes the analysis of  wear be- 
havior very complicated. 

Extensive experimental studies have been done on abrasive 
wear in hot upsetting. Rooks and coworkers (Ref 1-4) con- 
ducted high speed hot upset tests with an initial die and steel 
billet temperature of  300 and 1000 ~ respectively. They con- 
cluded that the most significant process variable influencing 
die wear was the relative velocity at the workpiece and die in- 
terface. 

In other studies, Felder and coworkers (Ref 5, 6) developed 
and verified a computer model  estimating the amount of wear 
in hot forging. According to them, forming pressure, sliding ve- 
locity, and the die hardness are the most significant variables 
influencing die wear. 

Vardan et al. (Ref 7) used the FEM (Finite Element Method) 
code to investigate die wear in upsetting. They found that abra- 
sive die wear is strongly influenced by the temperatures and ve- 
locities at the die and material interface. 

The main objective of the present research is to study the ef- 
fect of  processing conditions on abrasive wear. 
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2. Factors Affecting Die Wear 

The important process parameters that affect die wear dur- 
ing extrusion of exhaust valves are as follows. 

2.1 Speed 
To reduce die wear, the valve manufacturers often operate 

the mechanical press at a reduced speed of  45 to 60 strokes per 
minute (spm) instead of  80 or 90 spin, which is the usual speed 
for such a press (Ref 8). The press speed can be further opti- 
mized to reduce die wear during extrusion. Low speeds gener- 
ate excessive die chilling in the forging stage due to large 
contact time. However, heat generated in the workpiece is 
greater at higher speed. Temperature gradients are also greater 
at higher speed. Also the higher the speed, the higher is the rela- 
tive velocity at the interface and the forging pressure (higher 
strain rate), which also increases wear. Figure 1 shows the com- 
bined effects of deformation speed (contact time) and lubrica- 
tion on friction and die pressure in hot forging. 

2.2 Temperature 
It is important that the initial temperature of  both the die and 

the billet be optimized. Die temperature should be kept low so 
as to retain the hardness, but it should be high enough not to 

0.5 

I O.I 

0 . 0 5  

CLOI 
O.OI 

-,..%.. ,,,f. ~." -..-'-.~* 

~ l ~ r  o 

M(CN&N~CAk 
~r~q AULJC P/~S$ PMESS HAMMER H[RI r 

' ~ ' 
OJ I J ~  

FORGING SPIRED. m~s 
CONTACT TIME 

I k  

Fig. 1 Effect of press speed and lubrication on friction and die 
pressure (Ref 19). 
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Fig. 2 Different stages in manufacture of exhaust valve. (a) In- 
itial slug. (b) After extrusion. (c) Final forged valve. 

cause excessive die chilling due to temperature differential in 
the workpiece. Die temperature and the time elapsed between 
lubricant application and contact with the workpiece play deci- 
sive roles in the evaporation of  the carrier. 

2.3 Lubricant 

Selection of  the proper process lubricant based on its prop- 
erties and method of  application can improve die life and work- 
place conditions. Lubricant generally used is oil-based 
graphite; however research is being done to use water-based 
graphite which eliminates flame and smoke. The effect of  
graphite particle size is still debated. It has been claimed that 
semicolloidal graphite is more effective than colloidal graphite 
(Ref 10). Schlomach (Ref 11) found that at high strains and die 
temperatures a commercial  lubricant with finer graphite gave 
lower friction. 

2.4 Die Design 

A streamlined die shape would reduce die pressures and 
possibly plastic deformation. 

2.5 Die Material and Coatings 

Proper selection of  die material and die coating is important 
in order to reduce die wear. 

3. Abrasive Wear 

Abrasion, observed in 70% of all worn dies, is a gradual 
form of  wear. It is defined as "displacement of material from 
surfaces in relative motion caused by the presence of  hard pro- 
tuberances or hard particles, either between the surfaces or em- 

bedded in one of them." Abrasive wear then arises from pene- 
tration plowing out of material from a surface by another body 
in relative motion. Abrasive wear processes are divided, tradi- 
tionally into two categories: two-body and three-body abrasive 
wear. Two-body abrasive wear occurs when a rough surface or 
fixed abrasive particles slide across a surface to remove mate- 
rial. In three-body abrasion, abrasive particles act as interfacial 
elements between the solid body and the counter body (Ref 12, 
13). 

The amount of die material removed because of abrasive 
wear is directly proportional to the interface pressure and the 
amount of  relative sliding and inversely proportional to the 
hardness of  the metal surface. Felder  (Ref 5) showed that the 
wear volume, V, is proportional to the sliding length, L, and nor- 
mal load, P, and decreases as the surface hardness, H, increases 
(Eq 1). Most  forging dies are typically of  rather complex ge- 
ometry. Therefore, the interface pressure and amount of  rela- 
tive sliding can vary from one area to another. Hence, 
characterization of abrasive wear in a systematic manner typi- 
cally makes use of simulative tests of simple geometry. 

P.L 
V = K . - -  (Eq 1) H~ 

where m is an exponent, about 2 for the steels; and K is a con- 
stant, which depends on the structure of  the steel, the surface 
films (lubricants, scale, etc.). 

4. Exhaust Valves 

Selection of the materials and heat treatments used for ex- 
haust valves depends upon the operating environment in each 
specific engine application. The most common materials used 
for exhaust valve are 21-4N, 21-2N, In 751, and Nimonic 80A 
(Ref 14). For forging these materials, the die materials are H-13 
and H-19. The process of valve manufacture starts with an in- 
coming bar (about 25.4 to 28.57 mm diameter), which is cut 
into slugs by abrasive saw or warm sheared to precise weight. 
The slugs are induction heated to around 1150 ~ under endo- 
thermic (natural gas) atmosphere to prevent scales. The slugs 
are then fed from the induction heater to the first station on a 
mechanical press by an automatic feed mechanism. The valve 
stem is extruded in first die and then either by manual or auto- 
matic part transfer brought to the second die where the valve 
head is upset forged. About 15 to 20 valves are made per min- 
ute. Figure 2 shows the different stages in the manufacture of 
valves. 

5. Simulation Approach 

Metal flow in forming operations can be simulated using 
various FEM based computer programs. DEFORM was se- 
lected for this study because it is developed specifically for 
simulation of  metal forming processes and has been proven to 
give good results. DEFORM requires as input the workpiece 
and the die geometry, material data, press speed, and the inter- 
object boundary condition. Figure 3 shows the different stages 
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Fig. 3 Computer grid of different stages during extrusion proc- 
ess as obtained by FEM simulation. Due to axisymmetry, only 
half the geometry was simulated. 

Fig. 5 Effect of dwell time on workpiece temperature. 

Fig. 6 Extrusion die. (a) Temperature distribution (~ (b) Ve- 
locity distribution (m/s). (c) Interface pressure distribution 
(MPa). 

Fig. 4 Temperature distribution in the workpiece (a) after ex- 
trusion, (b) before forging (after dwell), and (c) after forging 
(oc). 

during the extrusion process. The important simulation condi- 
tions are as follows: 
�9 Workpiece material - IN 751 
�9 Die material - H- 13 
�9 Initial billet temperature - 1150 ~ 
�9 Initial die temperature - 93 to 204 ~ 
�9 Lubricant - oil-based graphite (m = 0.3) (Ref 15) 

�9 Press type - mechanical (stroke = 254 mm) 

The output from DEFORM, (Scientific forming technical 
Corporation (SFTC), Columbus, OH) includes: nodal tempera- 
tures of the workpiece; the die, stress, strain, strain rate and ve- 
locity distribution in the workpiece; and the deformation load. 
In order to obtain the nodal pressure and relative velocity on the 
die at the workpiece interface, a data exchange program 
TRANSFER (Ref 16) was used. This program transfers the 
nodal pressures and velocities from the workpiece onto the die. 

The thermal properties of the die and billet material and the 
flow stress of the material were obtained from literature. The 
initial grid for the workpiece has 646 nodes and 592 elements, 
and the grid for the die has 545 nodes and 487 elements. 
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Fig. 7 Variation of pressure, velocity, and temperature with dis- 
tance along the edge of the die. 

6, Discussion of Results 

The whole process was simulated using DEFORM. The 
temperature distribution and the deformation load are very 
close to that obtained in the industry although more accurate 
tests are being conducted to verify the finite element model. 

The temperature distribution in the workpiece during differ- 
ent stages of  manufacture is shown in Fig. 4. The minimum 
temperature in the workpiece, wh!ch is approximately 1000 ~ 
at the end of  the extrusion, goes up before the forging to ap- 
proximately 1100 ~ even though some heat is lost to the sur- 
roundings. This is due to conduction of heat from the inside of  
the workpiece to the surface during this period. The dwell time 
was varied from 1 to 5 s, and its influence on the workpiece 
temperature was studied (Fig. 4). There is a significant change 
in the workpiece temperature during the first two minutes. Af- 
ter that the minimum temperature is almost steady, and the 
maximum continues to drop. From Fig. 5, that dwell time 
should be kept between 1.5 to 2.5 s. 

The temperature distribution in the die is shown in Fig. 6(a). 
The temperature in the die is maximum along the curved sur- 
face. This is expected because of  frictional heat being gener- 
ated and high heat transfer in that region. The same region also 
has very high velocities (Fig. 6b) and medium pressures (Fig. 
6c). The arrows in Fig. 6(b) show the magnitude of  the velocity; 

the direction of the velocity is perpendicular to the direction of 
the arrows. Abrasive wear is most likely to take place in this re- 
gion and has been observed during actual manufacturing. The 
same data are represented in a different form in Fig. 7. This plot 
shows the variation of average pressure, temperature and ve- 
locity with distance x along the edge of  the die. The pressure, 
temperature, and velocities were normalized by dividing them 
by their maximum value. 

6.1 Effect of  Press Speed and Initial Die Temperature 

The effect of press speed on the workpiece and die tempera- 
ture was studied by simulating the extrusion process for differ- 
ent speeds. The workpiece temperature increases as the press 
speed increases because at higher speed, contact time decreases 
resulting in less heat being lost to the die. Also more heat is gen- 
erated due to plastic deformation and friction at higher speed. 
The variation of workpiece temperature at the end of  extrusion 
with press speed is illustrated in Fig. 8(a). In case of  extrusion 
die (Fig. 8b), there is very little change in temperature with 
press speed. This is because at lower speed, while the heat 
transfer is more, there is less heat generated by friction at the in- 
terface, and less heat is generated in the workpiece due to plas- 
tic deformation. Figure 9 shows the variation of the die 
temperature at the end of  extrusion with press speed. The vari- 
ation of  interface pressure with press speed is illustrated in Fig. 
10. This figure shows the interface pressure along the edge of 
the die is fairly constant with press speed. Therefore at lower 
speed, there would be less abrasive wear because temperature 
and pressure are almost independent of  press speed, but there is 
a decrease in relative velocity at the die and workpiece inter- 
face. 

The effect of initial die temperature on final die and work- 
piece temperature at the end of  extrusion was also studied as 
shown in Fig. 11. This figure shows that decreasing the initial 
die temperature does not have a significant effect on the work- 
piece temperature, but there is a decrease in maximum die tem- 
perature at the end of  extrusion. Hence, it makes sense to keep 
the initial die temperature low. 
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Variation of temperature at the end of extrusion with press speed. (a) Workpiece. (b) Die. 
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7. Conclusion 

The primary conclusions  are: 
�9 The dominant wear  mechan ism in extrusion die is abrasive 

wear, though adhesive wear  is also seen in certain regions 
o f  the die. 

�9 Die wear is mainly inf luenced by velocities,  temperatures, 
and pressures at the workpiece  and die interface. However  
the degree of  influence of  each o f  these variables varies 
greatly and will have to be determined by correlating the 
simulation result with the wear  data. 

�9 The press speed had very little influence on interface pres- 
sure and die temperature.  It did, however,  affect the work- 
p iece  temperature. 

Even  though the invest igat ion was conducted  for specific 
case o f  extrusion and forging o f  exhaust  valve,  the results 
should be applicable to other  geometr ica l  shapes. In addition to 
sliding wear  mechanisms,  other  metal lurgical  and chemical  as- 
pects of  wear should be incorporated to obtain a good predic- 
tion o f  die wear profile. 
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