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ABSTRACT

The ring compression test has been successfully used to determine the
relative efficiency of a number of lubrication systems for the high temperature
forging of Type 300A maraging steel and titanium - 6 aluminum - 4 vanadium
alloy. The results clearly indicate the advantage of using both a glass
coating on the workpiece and a grease-base lubricant on the tooling. Data
obtained has identified the optimum temperature range for use of each of the
three glass coatings evaluated.

Inaccuracies in the application of theoretical analysis to practical ring
test results, due to bulging occurring at high friction levels, can be minimized
by using specimens of small ratios of internal diameter and thickness to exter-
nal diameter. When such precautions are taken, the method of analysis used in
this work allows & value for the interface shear of the lubricant system
to be determined. Under thick film lubrication conditions, this value would
be independent of the flow stress of the workpiece material.
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I. INTRODUCTION

Since the early work of Sejournet, glass lubrication has been increasingly
used in the extrusion operation for the processing of materials requiring
high deformation temperatures. The successful use of glass and glass-like
substances for this application results from the ability of these substances,
(a) to act as a relatively inert low shear strength interface at metalforming
temperatures, (b) to retard reaction of the elevated temperature workpiece
with the environment, and (c) to act as @ thermal insulator to prevent excess-
ive heat buildup in the tooling and to prevent chilling of the workpiece. The
ability of glass coatings to favorably influence the interface condition for
extruding such materials as high strength steels, titanium alloys, nickel-base
superalloys and refractory metals has promoted an interest in the possibilities
of using glass lubricants in other mechanical-working operations, particularly
the hot forging of jet engine compressor and turbine blades and other shapes
for aerospace applications.

The successful use of a workpiece coating to improve the interface condi-
tion is a prime factor in the economic production of a desired end product
geometry with specific mechanical properties. The interface conditions are
often the deciding factor in determining success or failure of a metalworking
operation because they affect the total load required to perform the desired
operation, the degree to which the metal will fill the cavities of the die,
the uniformity of the metallurgical structure in the product and the quality
of the surface of the product. Adequate control of metalworking processes
requires that the friction and heat transfer effects occurring at the tool/
workpiece interfaces be accurately known; a situation which is not yet a reality.
It is this current inability to accurately describe the interface conditions
that actually exist which is the primary obstacle in limiting the placement
of metalworking operations on a rjgorous mathematical basis.

The use of the ring compression test developed by Male and Cockcrof‘t1
allows the relative lubrication qualities of various workpiece coating
substances to be easily determined. Under particular conditions, it also
allows numerical values of an "apparent'" coefficient of friction® to be
obtained by means of an indirect calibration. Under similar conditions,
an extension of the mathematical treatment of Avitzur™ by Male and DePierret
and DePierre, Saul and Male? enables slightly different numerical friction
data to be obtained. In addition, this latter treatment indicates the possi-
bility of considering interfacial properties per se in a more fundamental
scientific manner.
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The objective of this work was to assess the feasibility of using the ring
compression test for the evaluation of glass workpiece coatings as lubricants
for hot forging operations and to provide data which would have immediate
industrial application. A lesser objective was to attempt to formulate the
interface characteristics rather more basically than has presently been done.
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II. THEORETICAL BACKGROUND

The change in diameter of flat-ring shaped specimens produced by a given
amount of axial compression between flat dies has been shown by Male and
Cockcroft® to be related to the amount of frictional restraint acting at
the interface between the dies and the specimen. If no restraint acts at
the interface, the ring would deform in the same manner as a solid disk with
the cylindrical surfaces of the ring remaining perpendicular to the flat sur-
faces. If a small but finite value of restraint exists at the interface, the
outward flow of the specimen is reduced and, for the same degree of axial
compression, the outside diameter of the specimen would be smaller than for
the compression with zero frictional restraint. When the frictional restraint
exceeds a critical value, it becomes energetically favorable for only part
of the ring to flow outward and the remainder of the ring to flow inward toward
the center, thus causing the outside diameter of the ring to be stili further
reduced for the same degree of axial compression. In addition to these changes,
the cylindrical surface of the ring would not necessarily remain perpendicular
to the flat surfaces, but would become contoured with the degree of contour
depending upon the amount of frictional restraint, the value of the flow stress
of the ring material and the thickness to diameter ratio of the ring specimen.
Calibration of these shape changes as a function of the frictional restraint
acting at the interface allows the evaluation of different lubricants to be
conducted.

Mathematical expressions relating the change in internal diameter of a
ring specimen after forging to the frictional restraint acting at the inter-
face have been formulated by Avitzura, Hewkyard and Johnson® and also by
Burgdorf®. The analyses of Avitzur and of Hawkyard and Johnson ‘are based on
the concept of a constant interface friction shear factor defining the friction-
al restraint whereas the analysis of Burgdorf is based on the concept of a
constant coefficient of friction. The relative merits of these two concepts
have been examined by DePierre, Saul and Male? who compared experimental
ring test results with the predictions of the two mathematical formulations and
concluded that the concept of a constant interface shear factor more closely
defined the true situation.

The constant interface shear factor formulation is based on the assump-
tion of constancy of the ratio of the shear stress of the interface substance
separating the ring specimen from the dies to the flow stress of the deforming
workpiece as expressed in the following equation:

m = 1 = constant (1)
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where m is the interface shear factor, 1 is the shear stress of the interface
substance (the frictional restraint to metal flow) and o, is the specimen
material flow stress. OSince the shear stress, oo//g-, of a material is
generally assumed to be constant for a particular set of conditions, the
implication from Eq. (1) is that the frictional restraint, 7, is constant
over the entire flat surface of the ring specimen.

The change in shape of the ring during forging has been shown mathemeti-
cally by Avitzur3? and by Hawkyard and Johnson® to be solely dependent upon the
value of the interface shear factor and the amount of deformation. The ratio
of the total deformation pressure to the flow stress of the ring material has
been shown to be dependent on the same parameters. Measurements of the shape
change of a ring after deformation and also of the total pressure required to
achieve the deformation thus allows both the flow stress and the interface
shear factor to be determined; and also a numerical value to be associated
with the interfacial restraint through the use of Eq. (1). Under conditions of
truly thick film lubrication, this technique would permit quantitative
comparison of different interfacial layers independent of the direct value of
the flow stress of the workpiece material. The determination of the variation
of the interfacial restraint as a function of temperature and pressure would
then allow the interfacial restraint determined in one series of tests to be
directly applied to any other material under identical interfacial conditions,
provided the interfacial substances were applied in the same manner and that
reaction of the cgating substance with the workpiece 'surface did not occur.

Deductions from Eq. (1) imply that sliding of the workpiece surface
occurs, with respect to the die, if the restraint of the interface layer is
less than the shear stress of the workpiece material. Sticking (no relative
movement between die and workpiece surfaces) occurs when the interfacial
restraint exceeds the shear stress of the workpiece material. An interface
substance of some kind is generally present in all metalworking operations and
the presence of this substance prevents or minimizes direct contact of the
workpiece with the die. If this interface layer is sufficiently thin to
allow interaction between the roughness of the die and workpiece surfaces,
the frictional restraint would be partially governed by the flow properties
of the workpiece material because of the plastic shearing of the workpiece
surface asperities. If, however, the interfacial film were sufficiently thick
to preclude such interaction, the frictional restraint would consist solely
of the shear strength of the interface layer and would be independent of the
flow properties of the workpiece. It is with this latter situation with
which we are primarily concerned in this report.

The application of a lubricant substance at the interface between the
workpiece and the dies allows consideration of the interface substance as a
thin film of fluid (but thick with respect to the size of surface irregularities
on the dies and workpiece) and thus to be analyzed by techniques of a Newtonian
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fluid as suggested by Vdovin® and related by:

n Av (

r
SN

where 1 is the tangential stress in the interface layer (the frictional
restraint to metal flow), n is the viscosity of the interface substance, Av

is the relative velocity of the workpiece with respect to the dies and t is the
thickness of the interface filu.

An analysis of the manner in which the variables relating the fluid
shear vary during the axial forging of a ring between two flat dies, as
related by Eq. (2), shows that the frictional restraint may not actually be
constant over the entire flat surface of the ring but can vary ove. the inter-
face and be dependent upon the surface geometry ot the ring. For the r
die forging of a flat disk the relative velocity would be the greates’
edges, and zero at the center of the disk where no motion can occur.
thickness would seemingly be smallest at the edges of the specimen
possibility of loss of lubricating substance by squeezing out from .
the dies and the disk occurs but might also be influenced by some degree
by the increased die pressure. For most substances, the viscosity increases
as the pressure is increased and would thus be greatest at the center of the
disk where no flow occurs. The assumption of a constant value for interfacial
resistance is now seen to be dependent upon the constancy of the combined
parameters which compose it, however, a sort of balance can be deduced by
considering the variation of the parameters as the distance from the edge of
a specimen is increased.

The basic method of analysis3 assumes a constant average value, through
m, for the interfacial shear stress over the entire workpiece surface and
deduces an average die pressure over that area. This is known not to be
true but it does allow comparison of theoretical predictions with possible
experimental measurements. For this reason, Eq. (2) must be modified in some
way in order to utilize the basic measured viscosity property of the interface
material. Once this has been realistically accomplished, knowledge of this
viscosity as a function of temperature and pressure should allow the frictional
restraint, 1, to be predicted provided that the expected film thickness and
interfacial velocity are known.

An additional assumption in the theoretical treatment is that the work-
piece flow properties are uniform throughout the entire volume. In certain
instances this is not necessarily correct. For example, Se,journet9 and
Cook and Spretnaklo have experimentally determined surface chilling effects in
metalworking operations and have demonstrated that these can be significant.




Such chilling can lead to an increase in shear strength of the surface layers
of the workpiece and considerably modify metal flow in this vicinity. The
effect would generally be to force shear to occur in subsurface layers of

the workpiece and thus possibly lead to surface cracking depending upon the
relative strength and ductility as well as the thickness of the chilled layer.
Such effects would then effectively mask the true surface friction by pre-
cluding relative motion between the die surface and the true workpiece surface.

Controlled thermal conditions which limit heat transfer at the interface
are necessary to prevent surface chilling. These conditions are easily
simulated when both the tooling and workpiece are at room temperature, but
are not so easily achieved at elevated temperatures and are almost never
obtained in practical metalworking operations. The practical problem is
the one of interest to those individuals concerned with the actual production
of components, since it influences the deformation loads, die filling, homo-
geneous structure and surface quality. The practical conditions should be
kept in mind whenever experimental metal processing work is accomplished.
These conditions require that consideration be given to the heat transfer
occurring at the interface and thus to the thermal insulation properties
of a coating substance and also to the degree to which the coating substance
reacts with the workpiece and the tooling.

The evaluation of glasses as forging lubricants as described in this
report was done with the idea of providing information to allow the field of
metalworking to be placed on a more scientific basis and of providing infor-
mation of direct value to those individuals concerned with the production as-
pects of metalworking.




III. EXPERIMENTAL TECHNIQUES

The evaluation was conducted by axial forging of rings of maraging steel,
type 300A, and of a titanium alloy, Ti-6A1-4V. Uncoated rings and rings
coated with three different glass compositions were evaluated in combination
with a die lubricant and with unlubricated dies. The evaluation was conduc-
ted over a range of temperatures to include commercial practice, 1500°F
to 2200°F; and over a range of deformation. The ring size used in this
evaluation was 1.500 in. 0.D., 0.750 in. I.D. and of thickness 0.500 in.

The forging was conducted between flat dies in a 500 ton vertical hydraulic
press with a ram motion of approximately 1.5 in./sec. The dies were made of
H-12 tool steel heat treated to Rc 48 and were circularly ground to approximately
16p-in. finish. The dies were preheated to 500° F in an air atmosphere furnace
prior to the forging operation and in some cases two specimens of identical
material and lubricant condition were forged on the dies before reheating.

Spacer plates were used in the forging operation to achieve the desired height
reductions. Forging load measurements were obtained by using a strain gage
instrumented load cell which completely supported the lower die.

The ring test specimens were prepared for forging by grit tlasting and,
where necessary, lubrication was achieved by coating the specimens with the
appropriate glass slurry prior to preheating to forging temperature. Details
of the glasses and coating techniques are given in a following paragraph.
Preheating to the forging temperature was carried out in an electric muffle
furnace without any atmosphere control and all specimens were heated for 30
minutes. The specimens were placed on their sides in a special stand in the
furnace so that the flat faces of the rings were free of contact with other
substances. Transference of the specimens from the furnace to the forging
dies was carried out using long handled tongs and the time delay between
removal from furnace and actual deformation was of the order of five seconds.

The three glasses used for lubrication in this study were a borate type
(Corning No. 9772), a potash-lead type (Corning No. 8871) and a potash-soda-
lead type (Corning No. 0010). The approximate chemical compositions were
as follows:

CORNING NO, APPROXIMATE CQMPOSITION, %

9772 Predominately Bp03

8871 35 5i0p, T K50, 58 PbO
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CORNING NO. APPROXIMATE COMPOSITION, %
0010 63 810,, 7.6 Na)0, 6 K0, 0.3

Ca0, 3.6 Mg0, 21 PbO, 1 A1203

All glasses were obtained as -100 mesh powders and were prepared in the follow-
ing manner. A gel was first made by mixing 1 g. of carboxy polymethylene
(Carbopol 934) in 375 ml of warm distilled water and then neutralizing to

pH 7 with NaOH solution. 30 ml of the resulting gel was then combined with

200 ml glass powder and 100 ml water to produce the coating glass slurry.

With the 8871 and 0010 glasses, the gel and the glass powder were first

mixed together and the water then gradually added. With the 9772 glass,
however, a slightly better slurry was obtained by first combining the gel and
the water and then gradually adding the glass powder. Tha resulting slurries
were then thoroughly mixed using an electric mixer.

Those specimens requiring the application of glass were preheated to
170-190° F prior to coating. The glass slurries were applied to the forging
specimens by dipping the ring into a beaker of slurry. Such techniques gave
slurry coating thicknesses of approximately 0.005 in. on the forging specimens
which at normal working temperatures yielded liquid glass coatings of
approximately 0.002 in. All coated specimens were dried at 170-190° F prior
to preheating to working temperature.

For forging with wnlubricated (bare) dies, the die surfaces were degreased
with acetone prior to heating, and were wiped with clean rags between successive
specimen deformations. Where lubricated dies were used, lubrication was
achieved by smearing the working surfaces with Fiske 604D Hot Die Lubricant,
which is a high viscosity oil base lubricant containing aluminum, graphite,
lead and an inorganic jelling agent. The residues were removed and the
lubricant uniformly reapplied between successive specimen deformations.

The specimens were cleaned by grit blasting after the forging operation
to remove the adheored coating. Measurements were made on the ring to determine
the actual as-forged dimensions. Non-circularity and bulging of the ring sides
were experienced in all ring forgings. The non-circularity was compensated
for by measuring the maximum and minimum diameters of the rings and taking
a mean value.

The compensation for bulge in the maraging steel rings was made by
measuring the actual contact diameters of the ring and the bulged diameters.
A mean non-bul zed diameter was computed by assuming that the bulge was parabolic
and that the effective diameter without bulge would be at a position one
third of the distance from the contact diameter toward the tip of the bulge.
The actual mean contact area was obtained by averaging the contact areas of




both sides of the specimen. The average pressure was computed through use of
this mean contact area.

Bulging in the Ti-6A1-4V specimens occurred to such an extent that attempts
to account for its effect would be of negligible value. The forging pressures
for the Ti-6A1-UV specimens were computed by use of the constancy of volume
principle and the actual measurement of the ring thickness. This technique
was adopted because of difficulties associated with measuring actual contact
areas on these specimens. The error thus introduced is estimated to be less
than 5% on the calculated pressures. The effect is to slightly underestimate
the pressure.

The measured and calculated values of specimen geometry and forging
pressure are presented in Tables I and II for each condition of specimen
material, forging cemperature, lubricant combination and reduction amount.
The values of the interface shear factor, material flow stress and interface
factor for the maraging steel ring were computed as described earlier and are
presented in Table I. i
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IV. RESULTS AND DISCUSSION

Results of the evaluation as compiled for maraging steel in Table I are
presented graphically in Figs. 1 through 11. All maraging steel data pre-
sented in graphical form are corrected for bulge as discussed previously. The
peak forging pressure required to achieve a specific reduction in height of
the ring is presented in Fig. 1 for the 1500°F specimen temperature and the
various lubricant combinations evaluated. The highest deformation pressures
are required for uncoated specimens forged on unlubricated dies. Some re-
duction in the deformation pressure is achievea by use of 0010 glass-coated
specimens forged on unlubricated dies, but significant reduction in the defor-
mation pressure is achieved when a die lubricant is used; in the case of this
study the die lubricant used was Fiske 604D hot die lubricant. The results
of Fig. 1 show that non-coated rings forged on lubricated dies actually
required less deformation pressure to achieve & specific reduction in height
than did 0010 glass-coated rings forged on lubricated dies. Use of 8871
glass coating on the rings or 9772 glass coating on the rings progressively
reduced the required deformation load.

The measurement of the change in the internal diameter of the rings as
a function of the reduction in height for the 1500°F forging of maraging
steel rings, as presented in Fig. 2, shows somewhat complementary results to
Fig. 1 in that the non-coated rings forged on non-lubricated dies show the
greatest resistance to interface flow. Slight improvement is achieved by
forging 0010 glass-coated rings on uncoated dies, but significant lowering of
the interfacial restraint is achieved when the rings are forged on lubricated .
dies. As can be seen in Fig. 2, the non-coated rings forged on lubricateu '
dies show less frictional restraint than either the 0010 glass-coated rings
or 8871 coated rings forged in conjunction with the die lubricant. Those
rings coated with the 9772 glass and forged on lubricated dies show the least
frictional restraint for the 1500°F forging.

The apparent difficulty of the higher frictional restraint for 0010
and 8871 glass-coated rings forged on lubricated dies compared with uncoated
rings forged on lubricated dies may be explained by the consideration of the
expected value of interface shear of the glass coatings. Information published
by Corning Glass Works!! gives the viscosity of the 0010 type glass at
1800°F as 10,000 poises. By means of Eq. (2) using an effective coating
thickness of 0.001 in. and an estimated mean relative interfacial velocity of J
1.0 in./sec. the shear stress of the 0010 glass is computed to be approximately :
28,000 psi at 1800°F. The value of the material shear stress, 0.577 times the
flow stress, as deduced from Table I shows that the shear stress of the
ring material at 1800°F is also approximately 28,000 psi. At temperatures
above 1800°F the shear strength of the maraging steel is higher than that of
the thin coating of 0010 glass and at temperatures below 1800°F the shear
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strength of the 0010 glass coating is greater than that of the maraging steel.
Use of a thin coating of 0010 glass at 1500°F thus retards the interface
motion and thereby partially explains the results of Fig. 1 and Fig. 2.

Tt should be carefully noted that one side of the glass coatingz is in
conts 't with the dies and die lubricant at 500°F and therefore the effective
temperature of the glass coating is reduced, or its effective thickness at
temperature is reduced. This would further tend to increase the value of the
shear stress of the glass film. The chilling effect of the outer surface
of the 7lass coating can thereby cause 8871 glass coating to be effectively
higher in shear at 1500°F than the ring material even though the 8871 glass
is of much lower viscosity than the 0010 glass and thus possibly explains the
greater frictional restraint of 8871 coated rings forged on lubricated dies
over non-coated rings forged on lubricated dies as shown in Fig. 2.

The effect of glass coatings in lowering the heat transfer from the work-
piece to the dies has been shown by Cook and Spretnak.9 The lower heat transfer
effects experienced with glass-coated rings therefore cause them to be of
lower effective flow stress than non-coated rings and in turn affect the
results of Fig. 1. A sort of trade off of effects of the glass coatings at the
1500°F temperature can then occur by the glass coating providing a heat trans-
fer barrier to retard chilling and thereby promoting metal flow and at the
same time causing a high shear stress interface which tends to retard interface
flow.

The general finding of Figs. 1 and 2 implies that the primary lubrication
mechanism at the 1500°F test condition is the Fiske 604D die lubricant and
that the glass coatings applied to the rings do not significantly alter the
friction characteristics of the interface, but do provide a heat transfer
barrier and thereby allow favorable metal flow. These deductions cannot be
precisely supported by the results of this study, but should be. further
evaluated under carefully controlled die temperature forgings.

The results as used in this report are affected by the ability to accurate=
ly account for the bulging of the sides of the ring. This bulging affects the
area of contact between the ring and the die and thereby the deformation
pressure and the value of the flow stress. It directly affects the value of
the change in internal diameter. The amount of bulging is smallest for the
maraging steel rings forged with good lubrication and largest for those
forged with poor lubrication; consequently, the ability to account for bulge
is more accurate for the rings forged with good lubrication and less accurate
for those forged with poor lubrication and the results as obtained and
discussed in this report reflect this difficulty.

The results presented in Fig. 3 for some of the better lubrication con-

ditions have been calculated using the computer solutions of Avitzur's
eaquations generated by Saul, Male and DePierre’. Although true analysis
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of taie experimental data by this means is not completely Jjustified, the cal-

culated m values are seen to be constant over a reasonably wide range of
deformation. Deviations noted at low deformations may be due to experimental

inaccuracies involved in measuring very small changes in internal diameter.
Flow stress values deduced from this data by the technique of Saul, Male and
DePierre’ tend to be independent of the friction conditions, as would be ex-
pected. The higher values observed at the higher deformations with non-glass
coated specimens are almost certainly due to die chilling effects.

Information as presented in Figs. 1 through 5 for the 1500°F forgings
has been plotted for all other temperatures. The values of each parameter at
the 30 percent reduction level for each lubricant combination nave been plotted
as a function of temperature. The total pressure as a function of preheat
temperature is illustrated in Fig. 6. The relative increase in the required
deformation pressure for 9772 coated rings as the temperature is increased
from 1500°F to 2200°F reflects its increased susceptibility to run off of the
ring surface during the heating process. The increased benefits of the 8871
and 0010 glass coatings in serving as a lubricant and thermal insulator are
evident at the higher temperatures. An increase in the required deformation
pressure at the 1800°F temperature range is evident. The increase appears to
be too large to be experimental error and may be owing to the growth of aus-
tenitic grains of the maraging steel in this temperature range and thereby
causing the higher flow stress.

The general effect of the change in interral diameter of the ring as a
function of processing temperature is shown in Fig. 7. The rapid decline
in favorable properties of the 9772 glass coating with increased temperature
is readily noticed. The favorable use range of the 8871 glass coating in
permitting the outward flow of the ring can be seen to be the middle temp-
erature range and the decline in the effectiveness of this glass coating at the
high temperatures can easily be seen. The value of the 0010 coating at the
high temperature region is easily seen. The overall effect of use of the die
lubricant over non-lubricated dies is readily apparent.

The ratio of the interface shear stress to the material shear stress as
shown in Fig. 8 indicates a general increase with increasing temperature while
the shear stress of the interface substance indicates a general decrease with
decreasing temperature as may be seen in Fig. 9. The significance of these two
figures is that the lubrication condition can still be improving with increasing
temperature, but its effect on metal flow can act as an increase in frictional
restraint owing to the more rapid decrease in the value of the workpiece
flow stress as temperature is increased which is shown in Fig. 10.

The crossover region of interface shear stress for 0010 glass-coated
rings and non-coated rings forged on lubricated dies is seen in [ig. 9 to occur
near the 1800°F temperature region; impolying that the 0010 coating possesses
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a lower shear stress than the workpiece above this temperature region as was
previously discussed.

The general relation of the flow stress as a function of temperature as
presented in Fig. 10 shows the same increase at 1800°F as was noted for the
deformation pressure and the effect of the 0010 glass coating and the 8871
glass coating in retarding heat transfer from the workpiece to the cooler
temperature dies can easily be seen.

The use of the bulged measurements of the internal diameter change in
determining the useful temperature ranges of various lubricants can be
seen by comparing the measured value of bulged internal diameter change as
a function of temperature as shown in Fig. 11 with those of the corrected
internal diameter change as a function of temperature as shown in Fig. 7.
The general relationship is seen to be the same and crossover points are at
somewhat similar positions on the temperature scale. Both the bulged and
non-bulged relationship show nearly the same effective temperature range of
useful application of the lubricant combination as noted for the interface
factor as shown in Fig. 8.

The qualitative use of the change in bulged internal diameter as a function
of temperature allows some information to be obtained from the forging of the
Ti-6A1-4V rings. The flow stress for Ti-6A1-4V would be expected to be less
than that for maraging steel and thus a higher ratio of interface stress to
material shear stress would be expected and a subsequently greater degree of
inward flow of the material would result. The general relationship of the
various lubricant combination and crossover points would be expected to be the
same provided that selective reaction of lubricant with the material does not
occur and the general shape of the flow stress with temperature is the same.

The change in the bulged internal diameter of the Ti-6Al-4V as shown in
Fig. 12 reflects the discussion Just presented. A greater change in the inter-
nal diameter is evident, but the general relationship is quite similar to that
presented for the maraging steel as shown in Fig. 1l.

The regions of favorable lubrication characteristics for the three glasses
evaluated in this repori are seen 1rom rigs. 8, 1i, and 12 to be: for the 9772
glass - from somewhere below 1500°F up to 1T00°F; for the 8871 glass - from
1650°F to 2100° F; and for the 0010 glass - from 2000°F to some unspecified
temperature above 2200° F.

The surface qualities after deformation were determined by visual

comparison of the rings after the specimens had been cleaned by grit blasting
and are shown in Fig. 13 for the maraging steel und Fig. 14 for the Ti-6Al-LV.
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When maraging steel is forged in combination with Fiske 604D die lubri-
cant and 0010 glass coating on the workpiece, the resulting surface finish after
forging is of generally good quality, but slight rippling can be noted. The
rippling is most probsbly resultant from flow between the workpiece and the
glass coating owing to the relative high strength of the 0010 glass at the 1500°
F temperature. Forging at both 1650°F and 1800°F gave surface qualities which
were still generally good but increasing deterioration was noted for forging
at 2050°F and 2200°F. Similar trends were observed when forging rings coated
with 0010 glass between unlubricated dies.

Workpiece coatings of 8871 glass and die lubrication with Fiske 60LD
gave good quality surfaces when forging at 1500°F, 1650°F and 1800°F. Some
deterioration of the surface was noted at 2050°F and a poor surface was obtained
after forging at 2200°F. At all the forging temperatures investigated, use of
8871 glass gave consistently better surface finishes than did the use of the
0010 glass.

Use of 9772 glass as a workpiece coating in combination with Fiske 604D
die lubrication resulted in forged surface qualities which were generally
similar, though slightly inferior to those obtained with the 8871 glass coating.

Rings forged without any glass coating, but using Fiske 604D die lubricant,
resulted in excellent forged surfaces at temperatures up to, and including,
1800°F as shown in Fig. 13. Some deterioration was observed at forging temp-
eratures of 2050°F and 2200°F although these surfaces were still superior to
those obtained when using any of the glass coatings at similar temperatures.

Forging uncoated rings between unlubricated dies produced surfaces which
were very similar in quality to those obtained when forging uncoated rings
between dies lubricated with Fiske 60LD.

Representative surface qualities of the Ti-6Al1-LV rings obtained after
forging under various conditions are shown in Fig. l4. The best surface finish
vhen forging at 1500°F was obtained when using uncoated specimens and forging
with unlubricated dies. Use of the various glass coatings gave surfaces which
were similar amongst themselves but not quite as good as that given by the
unlubricated conditions.

As the forging temperature was increased above 1500°F the chilling effect
agsociated with contact with the cool dies apperared to become an important
factor in determining the surface gquality of the forged ring. This effect was
especially noticeable on rings forged without glass coatings, as can be seen
from Fig. 1. The best surfaces obtained when forging in the 1650°F - 2050°F
range were produced by use of a workpiece coating of either 0010 or 8871 glass
and forging between dies lubricated with Fiske 604D. Rings forged using a coat-
ing of 9772 glass began to show surface deterioration with increased rippling
and some shallow pitting at temperatures of 1800°F and above.




For forging at 2200°F all surfaces were poor,
tion coating, as shown in Fig. 14. The general appearance of the glass coated
rings as compared to uncoated rings suggests that some form of reaction occurred
between the titanium alloy and the glass coatings.
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V. CONCLUSIONS

The use of the ring compression test can be successfully utilized for

the ranking of forging lubrication systems. Inaccuracies due to bulging
occurring at high friction levels can be minimized by using specimens of
smaller ratios of internal diameter and thickness to external diameter
than was used in this work. When such precautions are taken, the method
of analysis used here allows a value for the interface shear of the lubri-
cunt system to be determined. Under thick film lubrication conditicns,
this value would be independent of the flow stress of the workpiece
material.

The regions of favorable lubrication characteristics for use of the three
glass lubricants evaluated in this report are: for the 9772 glass -
1500°F and below to 1TO0°F; the 8871 glass - from 1650° F to 2100° F;

for the 0010 glass - from 2000° F to 2200° F and somewhat higher.

A significant portion of the favorable effect of glass coatings on work-
pieces subjected to metal deformation processes is directly attributed

to the ability of the glass coating to act as a thermal insulator retarding
heat flow from the surfaces of the workpiece. This is especially signifi-
cant if a large temperature difference exists between the workpiece and
the tooling with which the workpiece comes in contact. Therefore, consi-
deration of coating substances for application to workpieces prior to
heating should be based on the ability of the coating to provide three
functions: a) anti-friction characteristics, b) thermal insulation,

and c) protection of the workpiece from the environment while not

reacting directly with the workpiece.

Choice of the most favorable glass viscosity must be made on a compromise
of the relatively high viscosity necessary to prevent the glass running

off during preheating, and the low viscosity (shear stress) required during
forming.
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REDUCTION IN MNEIGHT %

Variation of the peak deformation pressure with reduction in thick-
ness as a function of the lubrication system for the 1500°F forging
of maraging steel rings. Data are based on the measured value of
the contact area.




o °

DIAMETER

INTERNAL

-
CHANGE

FIGURE 2.

48

40

32

24

16

M L v v v v v

LUBRICATION

SYMBOL DIES RINGS

604D
604D
6CLD
BARE
604D
BARE

0010
8871
9772
0010
BARE
BARE

po9O®Pb 0O

10 20 30 ) 50 60 70

REDUCTION IN NEIGNT %

Change in the internal diameter of the maraging steel rings with re-
duction in thickness as a function of the lubrication system for the
1500°F forging of maraging steel rings. Data are based on a corr-
ected value of the internal diameter.
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REDUCTION IN NEIGNT %,

FIGURE 3. Variation of the interface factor with reduction in thickness as a
function of the lubrication system for the 1500°F forging of mara-
ging steel rings. Data are based on the corrected value of the
internal diameter.
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REDUCTION IN MNEICHNT %
FIGURE 4. Variation of the effective value of the material flov stress with re-

duction in thickness as a function of the lubrication system for the

1500°F forging of maraging steel rings.

Data are based on the corr-

ected value of the internal diameter and the measured value of contact

area.
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REDUCTION IN HEIGHT 9,
FIGURE 5. Variation of the interface shear stress with reduction in thickness

as a function of the lubrication system for the 1500°F forging of
maraging steel rings. Data are based on the corrected value of
the internal diameter.
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: deformation normalized to
a 30% reduction in height. .
i The symbols were added e - :
40 for curve definition.
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FIGURE 6. Variation of the peak deformation pressure with forging temperature

as a function of the lubrication system for the forging of maraging
steel rings to 30% reduction in height. Data are based on the
measured value of the contact area.
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30% reduction in height.
L The symbols were added o
‘) for curve definition.
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SPECIMEN PREHEAT TEMPERATURE F

FIGUKE 7. Change in the internal diameter of maraging steel rings with forging
temperature as a function of the lubrication system for the forging
of marasing steel rings to 30% reduction in height. Data are based
on the corrected value of the internal diameter.
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LUBRICATION

SYMBOL ~ DIES _RINGS

o 604D 0010
o] 604D 8871
A 60LD 9772
. BARE 0010
8 604D BARE
A BARE BARE

NOTE::

Dats symbols shown ure for
deformation normalized to
30% reduction in height.
The symbols were added

for curve definition.

i i 'l ' ' i I I & ']

1400 1600 1500 2000 2200

SPECIMEN PREHEAT TEMPERATURE F

Variation of the interface factor with forging temperature as a
function of the lubrication system for the forging of maraging steel
rings to 30% reduction in height. Data are bused on the corrected
value of the internal diameter.
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o Data symbols shown are for
: 12 ¢ deformation normalized to
- : 30% reduction in height.
(] ] The symbols were added

for curve definition.
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FIGURE 9. Variation of the interface shear stress with forging temperature
as a function of the lubrication system for the forging of maraging
steel rings to 30% reduction in height. Data are based on the
corrected value of the internal diameter.
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I for curve definition. |
9 &\'\\‘
30 ¢ 3
3 o

1400 1600 1800 2000 2200
SPECIMEN PREHEAT TEMPERATURE F

FIGURE 10. Variation of the effective value of the material flow stress with
forging temperature as a function of the lubrication system for the
forging of maraging steel rings to 30% reduction in height. Data
are based on the corrected value of the internal diameter and meas-
ured value of contact area.
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FIGURE 11. Change in the internal diameter at the bulged surface with forging
temperature as a function of the lubrication system for the forging
of maraging steel rings to 30% and 50% reduction in height.
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FIGURE 12. Change in the internal diameter at the bulged surface with forging
temperature as a function of the lubrication system for the forging
of Ti-6A1-4V rings to 30% and 50% reduction in height.
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TEMPERATURES
NOT REPRODUCIBLE

FIGURE 13. Influence of various specimen and die lubricants on the surface
quality of maraging st-el rings forged at various temperatures
to 50 percent reduction in height.
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‘ 5 FIGURE 14. Influence of various specimen and die lubricants on the surface
: quality of Ti-6A1-4V rings forged at various temperatures to 50
e percent reduction in height.
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