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PHOQKAM SUMMARY 

Th» overall objactlv« of tblt manufocf trlof 
tmprevuntat program was to dovolop technical 
information for Improving UM «fficlancy and pro- 
ductivity la doaign and control of forging pro* 
caMM.   Thia waa aeeompllahad by aatablishlng 
and datarmlning UM iafluanca of forging variablaa, 
•aüh at malarial propartiaa, friction conditiona, 
and aquipmant charactaristlca, upon tha forging 
procoaa. 

The auecaaa of any manu/acturiag improve- 
ment program depend* mainly upon two factor*: 

(1) Th« technical quality and the uaefulneaa 
of the reaearch and development work 

(2) The acceptance, the application, and 
the uae of the reault* developed In the 
program by the Induatry and by other 
reaearch canters active in that field. 

Therefore,  In addition to conducting prac- 
tical and applied reaearch work to advance forging 
technology, a major objective of the program waa 
to dlasemlnate the developed information to indua- 
try and to other reaearch centers active in forging. 
As a part of thia objective, Battelle has been work- 
ing closely with various forging companies and in- 
dividuals, well-known within the forging industry 
and interested in the progress of forging technology. 

Phase I Work 

Th« present final report covers the work 
done In Phase II of the program on "A Study of 
the Mechanics of Closed-Die Forging".    Phase I 
of thia program was completed in August,  1970, 
and the final report on Phase I, authored by Altan, 
et al,  is available under number AD711544 from 

National Technical Information Service 
Springfield,  Virginia  22151 

The Phase I report consists of the following 
separate chapters: 

1 - Shape-Difficulty Factor and Flash De- 
sign in Closed-Die Forging of Round 
Steel Parts 

2 - The Use of Model Materials in Predict- 
ing Forming Loads in Metal working 

3 - Prediction of Loads and Stresses in 
Closed-Die Forging 

4 - Computer Simulation to Predict Load, 
Streaaea, and Metal Flow in an 
Axiaymmetrlc Closed-Die Forging 

5 - Temperature Effects in Closed-Die 
Forging 

6 - Important Factora in Selection and Use 
of Equipment for Forging 

7 • Experimental Determination of Process 
Variables In Closed-Die Forging 

8 - Instrumentation and Calibration of Forg- 
ing Presses for Monitoring Processing 
Variables 

9 • Use of Standardised Copper Cylinders 
for Determining Load and Energy In 
Forging Equipment. 

Various parts of these studies have been re- 
ceived with considerable intereat by the industry 
and by professional engineering societies.   A 
list of publications, prepared by using Phase I 
studies,  i* given below. 

e   Alt' a, T., and Sabroff,  A.  M.,  "Important 
Factois in the Selection and Uae of Equipment 
for Forging",  Parts I, II, III,  and IV, uaper 
published in Precision Metal, June, July, 
August, and September,  1970. 

•   Altan,  T,, Sabroff,  A.  M.,   "Closed-Die 
Forging - Recent Developments ir. Research", 
Precision Metal, May 1970, p. 44. 

e   Altan, T., et al,  "The Uae of Model Materials 
in Predicting Forming Loads in Metalworking", 
ASME Transactions, J. of Lug. for Industry, 
May 1970, p. 444. 

e   Altan, T,, and Gerds, A. F.,  "Temperature 
Effects in Closed-Die Forging",  ASM Report 
No.  C70-30.1, presented at the 1970 Con- 
ference in Cleveland, Ohio, October 20, 1970. 
Also Metals Engineering Quarterly, August 
1971, p. 44. 

e   Altan, T., and Fiorentino,  R. J., "Prediction 
of Loads and Stresses in Closed-Die Forging", 
ASME Transactions, J. of Eng. for Industry, 
May 1971, p. 477. 

e   Altan, T., "Computer Simulation to Predict 
Load, Stress,  and Metal Flow in an Axisym- 
met-ic Closed-Die Forging", in Metalforming: 
Interrelation Between Theory and Practice, 
A, L. Hoffmanner (editor).  Plenum Publish- 
ing Corporation, 1971. 

e   Altan, T., and Henning, H. J.,  "Closed-Die 
Forging of Round Shapes:   Flash Design and 
Material Savings", Metallurgie and Metal- 
forming, March 1972, p. 83. 

e  Altan, T,, "Important Factors in Selection and 
Use of Equipment for Metalworking",  con- 
tributed to 2nd Inter-American Conference on 
Materials Technology, Mexico City, August 24, 
1970, published in Proceedings. 

e  Altan, T., and Nichols, D., "The Use of 
Standard Copper Samples for Determining 
Load and Energy in Forging Equipment", 
ASME Trans., J. Eng. Industry, Vol. 94, 
No. 3, August 1972, p. 769. 

a1 
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Phu« U Work 

.   ■ ■ 

The studies In Ph»»« I were conducted in 
doe« cooperation with four forging companUa: 
Aluminum Company of America, Steel Improve- 
ment and Forge Company, Ontario Corporation, 
and Wyman-Qordon Company, 

„,  - )\ 

Bated on the reeulte of the Fhaae I ttudiet, 
Fhaee II work concentrated on material end equip- 
ment characteristics that directly influence the 
predictions on metal flow, load, and energy In 
forging proceases.   For thla purpose, studlea 
ware conducted on (a) determining and comparing 
the characterlatica of preaaea, (b) determining 
the flow stress and friction in forging of various 
materials.   Thla final report consists of seven 
separate chapters which are essentially indepen- 
dent of each other.   The titles of these chaptera 
are: 

1 - Flow Streaaea of Metals In Forging 

2 - Instrumentation and Monitoring of 
Forging Presses 

3 - Mechanical Presses and Screw Presses 
for Closed-Die Forging:   Designs, 
Applications, and Comparisons 

4 - Characteristics of Hydraulic, Mechan- 
ical, ao4 Screw Presses for Forging: 
Determination and Comparison 

5 r Isothermal Uniform Compression Tests 
for Determining Flow Stress of Metals 
at Forging Temperatures 

6 - Ring Compression Tests for Determin- 
ing Flow Stress and Friction at Forging 
Temperatures 

7 - Prediction and Measurement of Forging 
Load Under Production Conditions. 

Each chapter can be read separately, with- 
out having to go through the entire report in order 
to find a specific piece of Information. 

Program Significance 

The present work. Phases I and II, apon- 
aored by the Army, repreaenta a major research 
and development effort on the engineering funda- 
mentals and applications of closed-die forging. 
This work appears to be the single significant 
program of its kind conducted in this country dur- 
ing recent years.   The program Is unique In that 
a number of fundamental aapecta of forging have 
been studied.   Each aspect Is reported as a chap- 
ter of the report.   Thus, the Information obtained 
In the program la eaaily studied because each 
chapter Is complete in Itself, and proper inter- 
pretation of the Information does not necessarily 
require examination of the entire report. 

Studies, such as those conducted la the 
present program, are not directly related to 
a specific hardware.   However, they help to       "-" iv 

improve the state of the art, and supply to the in- 
dustry engineering data and procedurea for more 
efficient and productive manufacturing.   For ex- 
ample, ualng the techniquea developed in the 
preaent program,  aeveral companies have inatru- 
mented their forging preaaea.   One company 
atarted to manufacture atrain-bara of a new de- 
sign for use la metalworklng induatry for moni- 
toring forming loada.   The equipment studies ~ 
have bean of interest to forging-preas manufac- 
turers as well as to users.   The data generated 
on various difficult-to-form materials are being 
used by several companies in improving existing 
forging operations.   These Improvements consist 
of reducing costs or Improving quality and reli- 
ability.   The forging companies supply various 
manufacturers of military hardware and compo- 
nents.    Thus, the results of this program,  spon- 
sored by the Army, are beneficial In procure- 
ment of military hardware. 

The present work Is far from having ex- 
hausted the problem areas of forging technology 
requiring investigation.    Problems such as die 
wear and die-life improvement, optimization of 
heating and lubrication techniques,  reduction of 
flash and scrap losses, development of engineer- 
ing guidelines for preforming, development of 
techniques for precision forging aerospace alloys, 
and man/ other areas still represent needed de- 
velopment efforts.    Studies of the mechanics of 
other significant metalforming proceaaea,  auch aa 
extrusion and drawing of bar, tube,  and shapes, 
rolling of sheet and ahapea. Ironing and reducing 
of shell-type components, would also advance 
metalforming technology and Improve efficiency 
and productivity in hardware manufacture. 

An interesting observation made throughout 
this study Is that, In the U, S., the advancement 
of metalforming technology, aa an engineering 
discipline, has not kept pace with advances made 
in other countrlea,  specifically in Japan, Soviet- 
Union, and West Germany.    Aa a reault, the com- 
petitive technological position of the U. S. metal- 
forming industry has worsened.   This fact is re- 
flected in increased imports of European-made 
metalforming equipment such as screw presses, 
automatic mechanical forging preaaea for large 
production aeries, high-npeed hydraulic hammers 
and preaaea, extrualon preaaea, and radial forging 
machinea for axle and gun-barrel production. 
Similarly, most advanced forging proceaaea auch 
aa precision forging of turbine and compressor 
blades and gears have been successfully devel- 
oped and uaed In Europe and Japan.    The number 
of universities and reaearch institutes active In 
teaching and researching metalforming technology 
Is significantly larger than that of U. S. Institu- 
tions.    As a result, the number of people trained 
in manufacturing and metalforming technologies 
and the Information available In the technical lit- 
erature Is further advanced In other countries. 
Therefore,  research and development efforta are 
required In these areas so that the leading position 
of the U. S.  in manufacturing technology can be 
maintained. 
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CHAPTER 1 

FLOW STRESSES OF METALS IN FORCING 

bv 

T. Alan, O. E. Nichol», «id F. W. Boulgtr 

ABSTRACT 

Fopying load and energy aan be determined if the flow atreee of the forged mater- 
ial is known at the  tenvperature and strain-rate aonditione existing during the process. 
In this study domestic and foreign metalfoming articles were reviewed and the available 
flow stress data have been presented for selected carbon,  stainless, and tool steels; 
aluminun,  copper, and titanium ailuys; magnesium,  uranium,   Ziroaloy, molybdenum,  tungsten, 
tantalm, and niobiitn.    Whenever possible,  data are presented by calculating and tabulat- 
ing coefficients K and n to express strain hardening  (flow stress V = Ktf),  and C and m 
to express strain-rate dependency (v = CrO. 

Examples art* given to illustrate the use of flow-stress data with simple formulas 
in predicting pressures in upset forging,  closed-die forging,  and cold extrusion. 

INTRODUCTION FACTORS INFLUENCING THE 
FLOW STRESS OF METALS 

In planning and scheduling a given forging 
operation,   it is necessary to estimate the maxi- 
mum forging load,  the forging energy,  and the die 
stresses.    In order to determine these variables it 
is necessary to know (U the flow stress of the 
material being forged,   and (2) the friction coeffi- 
cient or the friction factor at the die-material 
interface.    The values of both must be known at the 
temperature and strain-rate conditions that exist 
during deformation. 

For a given metal,  the flow stress is most 
commonly obtained by conducting a homogeneous 
upset test (without barrelling) or a torsion teat at 
the temperature and strain-rates of interest.    The 
widely known tensile test does not supply the flow- 
stress data for large strains necessary in analyz- 
ing forging processes.    That is because,   in a ten- 
sile test,  the material deforms locally,  or necks, 
and the sample fails before any significant overall 
homogeneous deformation occurs. 

The compression and torsion tests provide 
flow-stress data at higher strains but require 
special equipment and carefully controlled labora- 
tory conditions that are not generally available in 
practice.    It is therefore useful to summarize all 
the available flow-stress data on various mate- 
rials.    Thus,  the practicing forging engineer can 
use these data in predicting foi-ging loads,  ener- 
gies, and stresses without having to conduct his 
own tests to measure the flow stress of the forg   1 
material. 

Plastic deformation begins when applied 
external stresses induce a critical shear stress 
within the material.   Assuming that the material 
follows the von Mises flow rule,  this condition 
can be expressed as 

CTy     -        CTX      = 
2   _ 

— a 
vT 

and for axisymmetric deformation 

oz - ar = ü 

(1-la) 

d-lb) 

where. 
0 = flow stress 

CTz,CTr = axial and radial principal stresses, 
respectively,  in axisymmetric case 

av, a    = longitudinal and lateral stresses, 
respectively,  in plane-strain case. 

In Equation (1-lb),  if ar is zero,  a so-called 
"uniaxial state of stress" is achieved and the flow 
stress,  a,   is equal to the axial stress,  a_.    The 
homogeneous upset test without barrelling repre- 
sents a practical method of creating a uniaxial 
state of stress.    Thus, by measuring the instan- 
taneous upsetting pressure,  the flow stress,",  is 
obtained under the conditions of the test. 

The flow stress of a metal is influenced by: 

•   Factors unrelated to the deformation process, 
such as chemical composition,  metallurgical 
structure,   phases,  grain size,  segregation, 
prior strain history 

10 
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•   Factors explicitly related to the deformation 
process: 

(1) Temperature of deformation (9) 

(2) Degree of deformation or strain (e) 

(3) Rate of deformation or strain rate (e). 

Thus,  the flow stress rf can be expressed as 
a function of temperature 9,  strain T, and strain 
rate e; 

a= f(9,  e, e) (1-2) 

In hot forging of metals at temperatures 
above the recrystallization temperature,  the influ- 
ence of strain upon flow stress  is insignificant,  and 
the influence of strain rate (i. e. ,   rate of deforma- 
tion) becomes increasingly important.    Conversely, 
at room temperature (i. e. ,   in cold forming),  the 
effect of strain rate upon flow stress is negligible 
and the effect of strain upon flow stress (i.e. , 
strain hardening) is most important. 

The degree of dependency of the flow stress 
upon temperature varies largely for different 
metals and alloys.    Therefore,   changes in tem- 
perature during closed-die forging (due to die 
chilling, excessive cooling in handling, or internal 
heat generated by deformation) can have quite 
different effects in load requirements and in metal 
flow for different materials.    For instance,  a drop 
of approximately 100 F in forging temperature 
would result in a 40 percent increase in flow stress 
for the titanium alloy Ti-8A1- IMo- IV.    The in- 
crease in flow stress for the same temperature 
drop,   100 F,  would be only about  15 percent for 
AISI steel 4340. H) 

DETERMINATION OF FLOW-STRESS DATA 

To be useful in analyzing hot-forging pro- 
cesses, the flow stress of the forged material 
must be determined at various temperatures and 
strain rates.    Tests such as plane strain and 
axisymmetric compression, tensile and torsion 
are used for this purpose. 

Fundamentals of the Uniform Upset Test 

In most research centers,   the isothermal 
cylinder-upset test is the most widely used method 
of obtaining practical flow-stress data at various 
temperatures and strain rates.    This test is com- 
monly conducted using a fixture similar to the one 
illustrated in Figure l-l'').    This type of device, 
being built for the present program, will be used 
for determining the flow stress of selected mate- 
rials.    The platens and the cylindrical sample are 
maintained at the same temperature so that die 
chilling and its influence upon the metal flow is 
prevented.    To be applicable without errors or 
corrections,  the cylindrical sample must be upset 
without any barrelling,   i. e. ,  the  state of uniform 
stress in the sample must be maintained.'-') 

Barrelling is prevented by using adequate lubrica- 
tion,  for instance graphite in oil for aluminum 
alloys,   glass for steel,  titanium,  and high- 
temperature alloys. 

Upper pr«M plottn 

Insulation 

/px^^W^ 

Suparalloy 
or carbide 
platens 

FIGURE 1-1.    TOOL SETUP FOR ISOTHERMAL 
COMPRESSION TESTS TO ESTABLISH FLOW- 
STRESS DATA*2) 

In analyzing metal-forming problems,   it is 
useful to define the magnitude of deformation in 
terms of "logarithmic" strain r.    In uniform upset 
test: 

where, 
h    =   initial sample height 

hj -   sample height at the end of upsetting. 

The strain-rate T is the derivation of strain e" 
with respect to time or: 

-     ^5.     dh _ v 
6
 =  dt  = hdt     h 

(1-4) 

where. 
V -  instantaneous upsetting speed 

h =  instantaneous height. 

In all forging operations,   except in uniform 
upsetting,  T and "e values vary within the deforming 
material.    Consequently,  in using strains and 
strain-rates in practical forging operations,  aver- 
age values must be employed. 

The forging temperature,  as commonly 
specified,   represents the temperature of the 
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■ample, or of the forging,  prior to deformation. 
However, during deformation,  a very large portion 
of the deformation energy (atout 95 percent) ii 
transformed Into heat.    Thus    the temperature of 
the deforming material may increase appreciably 
during the upset test,  or forging operation,    The 
change is given by: 

AS 
Aeäa 

(1-5) 

where, 
a   = average flow stress 

c = heat capacity 

It is seen from Equation (1-4) that,  in upset- 
ting under conventional forging machines,  strain 
rate 7 varies during the test since both the ram 
speed V and the sample height vary.    A few 
laboratories around the world have developed 
machines called "plastometen" which have cam- 
operated ram« and which upset samples under 
constant strain-rate conditions.'      ''   The cam 
shape programs ram speed to give the desired 
strain rate.    Upset tests conducted at various 
temperatures and constant strain rates under a 
plastometer make it possible to determine the 
coefficients C and m of Equation (1-7) '.or various 
materials directly from experimental data. 

6 = specific gravity i 

A = conversion factor from mechanical to 
thermal energy. 

In a practical forging operation,  heat gener- 
ation due to interface friction also may be signifi- 
cant.   However,  due to the optimum lubrication 
conditions of the test,   it can be neglected in the 
upset test. 

In upsetting the cylindrical sample, the load 
and the displacement versus time are recorded. 
Thus, the maximum normal stress,  or the flow 
stress, 7, is obtained by dividing the instantaneous 
load P by the surface area F.    F is determined by 
dividing the volume of the san pie by its instantan- 
eous height. 

Representation of Flow Stress Data 

At room temperature,  the influence of Strain 
rate upon flow stress is insignificant in most 
metals.    Lead, having a recryst'.ilization temper- 
ature near room temperature,   rtpretents a major 
exception.    It was empirically found that the effect 
of strain upon flow stress for most materials (i.e. , 
the strain-hardening effect) can be expressed in 
the following exponential form: 

i= Ke" (1-6) 
where. 

K = flow stress a when strain e =   1 

n = strain-hardening coefficient. 

At higher temperatures,  above the recrystalliza- 
tion temperature,   the effect of strain hardening is 
minimal for most materials.    Consequently, at a 
given temperature,  it is pousible to approximate 
the variation of flow stress ä in function of strain 
rate Z by : 

Cer (1-7) 

where. 
C = flow stress IJ when strain-rate c =  1 

m - strain- rate coefficient. 

SUMMARY OF FLOW-STRESS DATA 
FOR VARIOUS MATERIALS 

Although there is hardly any published flow- 
stress (or true stress versus true strain) data in 
U, S.   literature,   British,  German,  and Japanese 
investigators have conducted many investigations 
on flow stress of metals. i 

Most investigators uded plastometers in 
their studies and obtained, for a given material, 
flow stress ~ versus strain e (true strain) at a 
constant strain rate under isothermal conditions. 
At room temperature,  where the effect of strain 
rate can be neglected for most materials,  some 
of the flow-stress data were obtained at low 
testing-machine speeds.'  "'   Thus,  these data 
are usually given in form of curves,  (f versus €, 
for constant temperature and strain rate.    This 
representation,  though very useful in discussing 
the data for few materials and test conditions, 
takes too much space when used for discussing a 
large number of materials.    Therefore,  the data 
obtained from the literature have been used to 
calculate,  by a least-mean-square-fit technique, 
the coefficients K and n of Equation (1-6) (for 
'strain dependency) and C and m of Equation (1-7) 
for strain-rate dependency.   A computer pro- 
gram was used for processing all the data.    The 
results are seen in Tables 1-1 through 1-8. 

For a few materials and a few test condi- 
tions,   slightly different results were obtained by 
using the data from various sources.    These 
differences may be due to material composition 
or errors in calculating the stress-strain curves 
from the test results.    Unless otherwise indicated, 
all of the data presented were obtained in 
continuous-upset tests.    Thus, the specified tem- 
peratures are the initial temperatures of the 
samples and do not include the temperature in- 
crease dup to deformation, as indicated by 
Equation (1-5). 

Strain-Dependent Flow-Stress Data 

Steels,  aluminum alloys, and copper alloys 
are, within engineering approximations,   strain 
dependent only at room temperature and lower 
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forging temperature ränget.    The K mnd n value» •   The teat temperature 
of the expreialon? = Kr" calculated for ateeli, 
aluminum alloys,  and copper alloys arc given in •   The strain rate 
Tables 1-1,   1-2, and 1-3,   resp     tively.    Each 
table also gives •   The  literature  reference for the data 

• The material composition                                                          •   The range of strain used in calculations 

• The U. S.  standard material number which •   K and n values calculated from the original 
corresponds approximately to that composition data by least-mean-square fit. 

TABLE  1- 1.    SUMMARV OF K AND n VALUES DESCRIBING THE FLOW 
STRESS-STRAIN RELATION, 7^ K(?)n,  FOR VARIOUS STEELS 

Ttra<p«rft Strain 
 Compo»Ht"i>,  pttcwnt                                                                         lur« Rat«,             K.                                                    Strain        Mairnal 

fcUUfUt C Mn P g 81 N Al V N> Cr Mo        W F C 1/a*. 10*  pai      r^ WWar.ntr      Rant*        Hnl..ry'«' 

Atmcalron    0  01      0   0J       0.021     0,010      trl<:l                                                                                                                       t>B             20 T.M.1111        (*B. 2            0.25               10             0.10.7                A 

100«                    0.06      0.24       0.02       U. 0*2      tr           0   Qüi                                                                                                      b«             20 Dill..             H9. t>            0)1                10              0.1   0.7                A 

ICOt                 0 01      0, U      0.02)    0.0)1    0.06      0.007                                                                                          68           20 <)%. )          0.24              10            0.1   0.7              A 
0.07      0.21                                     0.27                                                                                                            t8           20 S'i. )          0.17              10            0. 1-0, (               A 

1010                 0   II      0   SI       0.010    0.022    0.2)      0.004                                                                                            6(1            20 10). H          U, 22              10            0.1   0,7               A 

101»                    0.15       0   40       0.01       0.016      tr                                                                                                                               i2               0 iO               91,4           0. life               H             0,2-0.7             I*   A 

I0Hlb(            0. 15      0.40      0.045    0.045    0.25                                                                                                            68           20 1.6       113.8          0. 10             11                                           A 

1015                    0.150. 40       0.010,0l6lr                                                                                                                           14(1          200 (0               7)7            0. HO               8             0.2-0   (              T-A 

I0l5,bl              0.15      0.40       0.045    0.045     0.25                                                                                                                      S72           »DO 1,6        115.2            0,11                11                                                A 

1020                  0.22      0.44      0.017    0.04)      tr          0.005                                                                                           61            20 T.M.         108.1           0.20             10            0.1-0.7              A 

10)5                    0. )6      0.69       0.025    0.0)2     0.27       0.004                                                                                                     68             20 Dllin          M0. 8           0.17               10             0.1-0.7                A 
6§             20 1.6        ) )9.4            0. II                II                                                A 

10)5                    0*6      0.69      0.025    0,0)2     0.27       0.004                                                                                                  5'              100 1.6        122,1            0,16               11                                               A 

I045lbl              0.45      0.65       0.045    0.045    0   25                                                                                                                         68             20 l.b        147.9           0. II                II                                               A 
.8             20 1.5        1)7. 9            0. 14               11                                                A 

1045,hl                                                                                                                                                                                                                 572           \Ü0 1.6        126.6           0,15               II                                               A 

About  1050      0.51       0.55       0.016    0.041     0,28       0,0062    0.0)                                                                                     68             20 T.M.          140.8           0   lb               10             0.1-0.7                A 

1060                                                                                                                                                                                                                         68             30 1.6        161,5            0.0'«               II                                               A 
t.8             20 I . S        157, H           (1.12               11                                                A 

About 2)17      0.19      0   55       0,057    0.02)     0   2b       0,016                                                                                                     68             20 T.M.          111.2            0.170            10             0.2   1.0                A 

5115                    0.14      0   5)       0   028    0.027     0. )7                                                                        0.7|                                        b8             20 Dill..          115.2            ...18               10             0.1   0.7                A 
b«             20 1.6        12)   7            0.09               II                                               A 

5115                    0.140.5)0.0210.0270)7                                                                        0.71                                     M2           100 1,6        102.4           0. 15               II                                               A 

About 5120     0,11       I.I)       0,0190.02)0.27                                                                        0,86                                       1,8             20 IM            126,«.            018               10             0,1-0,7                A 
t,8             20 I. 6        1 16. 6            0   09               11                                                A 

About  SI JO      0.18       II)       Ü.019    0.02)     0.27                                                                        0.8*.                                     ST i          100 1.6          98.1            Oh                II                                               A 

5140                   0.410,67       0. 04       0,0190)5                                                                        1.07                                        6«             20 f. M.          I2VI            0, 15               10             0.1-0.7                A 
t,8             20 1.6        1)).7            0.O9               II                                               A 

»140                    0  41       0,67       0,04       0.019     0. )5                                                                        1.07                                     572           )00 1   (,        112,1            0,12               II                                                A 

About 02          .60      0   45                                         0   24                                         0.4b                  11.70      0.75   0.M          611             20 t.M.          191.0            0.1S7             Ifl             0.2   1.0                A 
tool ffl«»l 

1-6                     056                                                                                                  0. 14    1.60      1,21      0.47                     ''8           20 Dtlto         170. 2          0. 128           K)            0,2-1,0              A 
tool •»••! 

WI-l,0C          1.05      0   21                                          0   :♦,                                                                                                                        68             20 ihh.t            0.179             10             0.2-I.D                A 
■ pccUl 

>02 88 0.08       1,06       0.0)7    0.005     0.49 9.16     18,17 

)02 SS 0.05)     I.08       0.027    0.015     0   t7 10,2       I?.8 

102 SS 0.01       I. 06       0.0)70.0050. 49 9,tblB.)7 ] 

102 88 0,01      1.06      0,017    0.005    0.49 9.16    18   )7 7 

About  )04 SS 0.0)0     1.05       0.0.:»    0.014     0.47 10. b       18.7 

51688 0.055    0.92      0.0)0    O.OOB    0,49 12.9      18   1        I  OS 

41088 0.09)    0.)1       0.026    0.012     0.11 1)8 

4)188 0.2)      0, )l      0.020   0.006    0.42 1.72    16. »2 

(•)    HK  - hot rollad,   A -   »onaaUH.   T -   (or§«d, (<l    It      tra<« 
Ibl    Analysi« tw>t givvn in original  ralvrant »,   -   labl«  ahuwa nominal  > ompoiillon Ml    T.M        I rating m4( hmr    BO  tp*i lilt   ralr gtvan.   In* aprr 

0 10 185   7 f .29S 8 0.25  o. KB-/ 

20 r. M. 210, 5 0. b in 0. 10.7 A 

200 10 120. 8 1)   2 78 8 0.25  o. HK    A 

400 10 92   7 0, .'7 9 « 0.25  0, HK   A 

20 IM 210.5 0. fc Id 0    1    II, 7 A 

20 Ditto 182.0 0, V( 10 0,1    0,7 A 

20 1 1 9 . 4 0, 2 in 0. I   0   ? A 
/(i l.t 1)7, 9 o   in II A 

20 1    M 189    1 0, 1 1 ID 0.1    0.7 A 
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TABLE  1-2.    SUMMARY OF K AND n VALUES DESCRIBING THE FLOW STRESS- 
STRAIN RELATION, 7f -- K(r)n,   FOR VARIOUS ALUMINUM ALLOYS 

, 
c »mpoiin ■ n,   par.. nt ■ Tarnu* alur* Hal.'»'. K. 

10* pai 

IS   1 0 

n 

104 

Rafat 

• rua 

8 

»train 

Hanga 

0   2S   0   7 

Malarial X Cu Si Fa Un Ml /n Ti Cr Pb $ T Hlalory'» 

CD   A 1 100 HH 0 'I    10 0    IS 0  so 0 oi 0   Dl M 0 10 

1 100 n.i d) 
a  01 0    10 0    It. 0   01 0   01 U   Ul t,M 20 r M. 17    S 0 til 10 0   2-10 A 

BC 'ei \ ü  91 0   QHi 0   -M o oit 0  011 0   01 t,M 20 4 22   4 0 201 4 0   2   0   8 Alb' 

«17 Hal 4   04 0    '0 o *•. 0  ss 0   76 0   11 0   ()(. ',H ^0 r, w 4S   I 0 IHO 10 0   2    10 A 

About 10U Hal *   4" o to 0   46 0    NT 1    W 0   .'(i 0   0S(, f.H 20 r M. St,    1 0 m 10 0   2    10 A 

SOM Hal 0   01.» 0    10 0    14 0   04 L    M 0  oi (1   001 b« 20 4 2't   4 II H4 H 0   2   0   8 A'1 

About   MW Hal 0   'J-* 0    1) 0    It. 0  ill 2   SO 0   OS 68 20 t    M SS  6 0 IH'J 10 0   2    1   0 A 

S0V4 Hal 0   Ott. 0   M 1   It 0   0 4 *   Ml Ö   0 1 11    14 (,M 20 4 S7   0 0 Mf) 9 0   2   0   7 A  ' 

Sul3 Hal 0 oi 0    10 0    11. 0   77 4   41 0   01 0  002 o  ü tH 20 4 6S   I 0 in 4 0   20   8 A1" 

'4S4 Hal 0   Ot.S 0 u 0    IH f)   HI I   4S • 0   01 Ü   002 bB 20 4 A'i   •* 0 1 w 4 0   2-0   8 A(<l 

About  ')'--■ Hal ')  0 1 0  '.I 0  t ■> 0   (, i 0.68 0   0t.s 1)   OH bfl 20 I. M. 24   7 0 122 10 0   2    10 A 

<«l    CD        . <> 

ibi   Ann*alr< 
■1 rlriwn,  A  -   annral«<l 

4 hr ai TV? F 1400 Cl 
It ) Anncali-d 4 hr «1 

Hal      balantr. 
788 F 1420 c:i, U-l r  M Irilirtg mat hi n*-,  no »(>,■, (u   rate K V, 1,  111* ■ prrd 

After determining K and n values,  the flow 
»tress was calculated by using Equation (1-6). 
The difference between the original and the cal- 
culated flow-stress value was always less than 
10 percent, and in most cases less than 5 percent. 
Thus,  K and n values can be used for estimating 
forging loads and stresses for practical purposes. 

Strain-Rate Dependent Flow-Stress Data 

was considered in presenting the Tables 1-4 
through 1-J8 where C and m values, of the expres- 
sion'3= Crm,  are given for various materials at 
various temperatures and strains.    The C and m 
values,  calculated from published experimental 
data,  are given in Tables 1-4 through 1-8 for 
steels, aluminum alloys,  copper alloys, titanium 
alloys,  and other forging materials.    Each table 
contains 

At higher forging temperatures,  generally 
above the recrystallization temperatures,  the flow 
stress of metals is,  for all practical purposes, 
strain-rate dependent.    However,  for some inter- 
mediate temperatures,  between room and recry- 
stallization temperatures, the effect of strain may 
be considerable for some materials.    This factor 

• The material composition 

• The material history 

• The test temperature 

• The strain at which C and m values were 
calculated 

TABLE  1-3.   SUMMARY OF K AND n VALUES DESCRIBING THE FLOW STRESS- 
STRAIN RELATION,  i z K(r)n,   FOR VARIOUS COPPER ALLOYS 

Cmp, Ki.m,    pr i an! 1 empr «lur«- 
-Slräln- 

R»te'W. 
Uict 10     p«i 

Rafar Strain 

Ranga H 
atanal 

Matanal1*' Al Cu Si Fa Sb :in /n s Ph                Ki F C ■ tory't 

CDA1 10 44   44 0   002S 0   0001 0   0012 n ooi/       ,) ooi 64 18 2  s I.S   s 0 8 0   2S-0   7 HB    A 

CDAl 10 IM 20 r M. S4   0 0 in 0   210 F 

CDAZiO m  t IS   7 (,H ;o r. M 76   7 0 in 0   2    10 A 

CUA260 7r)   H 2'*    2 l,H 20 r. M. 4H    1 0 in 0   2   10 A 

CPA260 70   OS lr(.ll lr',n 
Hal »40 200 71    7 0 H 0   2S-0   7 HK-A 

c;DA272 .,1    1 W,    7 68 .'n [    M 10*   4 0 in 0   2   10 A 

f;t)A)77 SM  h ,,..11 l»    fi j   7 
.8 20 r M 1 IS    1 0 in 0   2   10 A 

Abriul 

niAwi 91  o 4   0 1,8 20 I   w 1 (0    H o 441 in 0   2-1   0 1 

COAM? 4?  0 0  s 2   0 f,H 20 r. M. 67   2 0 ixi 10 0   2-10 i 

CO ATM bS   1 ^2    4 -0   OS               1/4 68 20 I . M 101   H 0 40 J 10 o : i o A 

C 1>A 74 4 61   7 „Idl 2 0   t. ir""            17   s ..« 20 1   M. 10?   0 0 \U 10 0   2   10 A 

(al    i   DA   ii  Cr>pp«f Ilvvrliipmrnt Aaaot tat ion. 
lb)     r. M.        taatmi ma.hma. no ■pacifli   rata |ivrn,   low  apaad 

It I    HR   -  hoi  rollr.l.   A   -   annralnl.   F   -   (orRrH. 
idl   tr     irair 
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TABLE 1-4.   SUMMARY OF C AND m VALUES DESCRIBING THE FLOW STRESS-STRAIN RATE 
RELATION, 7 = C(t)m,   FOR STEELS AT VARIOUS TEMPERATURES (C is in  103 psi) 

Mcttrul 
M*t*rt«l 

HUior^  

Sir*tn Kate 

Ref«rrncc       Ramf.   I / *t 

rtil Tampar«lur«.   FIO 

lOtS Fofgad, 

0. I* C.  tr Si. 0, 40 Mn. annaalad 

0.01 P,  0.01b S 

Trat Tamperalura,   T\C) 

lOlfc Hoi rulltrd, 

0. IS C,  0. H Si,  0. 68 Mft. anneal«.! 

0.054 S,   O.0J5 H 

[i Si,   0, hH M». 

Hoi  rolled, 
annralrd 

0. 014 5,   U, Qi$ \' 

Tai   lempeiatur«,   F(Cl- 

lll.'S Forged, 

0.25 ( ,  O.OBSi. 0.45 Mn, anneal 

0  U 1 J ',  U.OZS s 

1043 Hot roll 

T«*t   remperatu-    ,   F(CI 

0.46 C,  Ü, 29S*. 0. Ti Mn, 

0. IHH p,   l). U21 S,  0, 08 Cf, 

0, 01  Mn,  0. 04 Ni 

10SS 

0, SS G,  0, ^4 Si,  0. 73 Mn 

0. 014 1',   0. 01b S 

Teal   lemperature,   FfC) 

Forged. 

I 1lOlbOOl 1470(800] 183011000) 2190(1200) 

0. i 56, 8 0, 112 

Ü. 2-, 14.4 0, 105 17.0 0 045 7.2 0 117 

0   4 40. b 0   131 

0   S 21.5 0, 104 18, 8 0 0SH 6. H 0 164 

o. b 40. 0 0. 121 

0. 7 54, 5 0. 114 21.1 0, 104 18, 3 1) 068 5.7 0 181 

16501900) moiioüi) 2010(1100) 2140 12001 

0   10 16, 6 0,092 13,4 0. 101) 4,4 0 124 7. 5 0 143 

0. }0 22.7 0.082 1«  2 0,08i 1 3, i u 115 4,4 (1 153 

0. 50 2J   7 0, 087 18,2 0, 10'i 12.7 0 146 H. 5 0 141 

0.70 23. 1 0.044 16, ' 0. 147 
"•■ 

0 It 6 7, 5 0 .'1H 

O.OS 11.rt 0   1J3 10. 7 0. !24 4   0 II 1 17 6, 4 0 150 

0. 1 16, S 0. 044 13.7 1). 094 4. 7 0 110 7. 1 0 157 

0. 2 20, 8 0.082 16.5 l>  090 12. 1 0 1 \'t 4.   1 0 140 

l>, J 22, H 0.085 18, Ü 0.088 13.4 0 104 9. 5 0 148 

0. 4 23,0 0,084 Iff,2 0  048 12.9 0 126 9, 1 0 164 

II   S ii.t 0.088 18   1 0, 104 12, 5 0 141 8,2 0 184 

1). t 2i. i 0.097 16.9 0. 127 12,1 0 156 7. 8 0 205 

0.7 22,8 0. 104 17. 1 0, 127 12.4 0 151 8. 1 0 146 

1600(8701 180014801 2000110901 

I 1.0       0. 142 

2200 

4. 2 

12 

0 

151 

20 

215ÜI1180} 

25,2 fl.07 15.8 0   152 

o. ^c, 33.7 0,004 16,2 0 07S 4, 3 0 07 7 

0. 50 41.4 0.032 17.2 0 OHi. '', k 0 094 

0, 70 41.6 0,012 17   5 0 082 8. 8 0 105 

0. i/0. 5/0   7 10,8      0,21 

1 (.5019001 imo lOOUi 2 0 10 11 01 2140 12 001 

0, 05 2'.   4 0.080 15. 1 0, (.84 11.2 „ 100 8.0 0 175 
0. ir 28, 4 0. 082 18. S 0, 103 1 1.5 125 9. A ü 168 

1}. 20 33. 3 0. 086 22.8 0, 108 15, 4 0 l.'H in, s 0 167 

0, Jo )5.4 0,083 24.*. 0, 1 10 15.8 Ü 1(2 10.« (1 180 

0, 40 n. 4 0, 105 24  7 c, m 15.5 II 17) 10. « Q 188 

1 1 lOlt-.K)! 1470(8001 181(1 

14.9 

101)01 

0. 126 

2 190(12 

7.4       0 

101 

145 24,4 O.OHT 

ll.S      0.217 

About  1060 

0. 56 C, 0. 26 Si, 0. 28 Mn, 

0, 014 S. 0. 01 3 I', 0, 12 Cr, 

0.04 Ni 

About   1060 

0. 56 C,   0.26 Si,   0. 28 Mn. 

0. 014 S,   0, 013 P,   0, 12 Cr. 

0,04 Ni 

ri.ll.-d, 

ickleri 0. 10 

0. 50 

0, 40 

0. 50 

18,5 0. 127 

21. 3 0. 1 14 

23, 1 0. 118 

21.3 0. 1 12 

0. 128 

0. 127 

0. 147 

0. MS 

. 180 

. 207 

8.8       0, 164 

0. I4( 0. 171 

0. 141 », 7 0. 17t 

0, 1'.'' B. 4 0. 184 

About   1041 Hoi  rolled, 

1,00 C,   0, 19 Si,   0, 17 Mn, annealed 

0. 0Z7 S,   0,023 I-,   0, 10 Cr, 

0,09 Ni 

Teat TemperaU 

1115 

0, 17 C,   0. 153 Si,   0, 62 Mn, 

0, 054 S,   0,032 P 

e,   FlCl 

oiled, 0, 105 

0.223 

0. 512 

0. 645 

20.9 

2(1, 9 

0. 1 11 

0. 1 10 

0. 128 

0, 0HH 
0, 084 
0, 044 
0. 044 
0, 105 

13,6      0, 174 

1830(10001 

1 3.0 0. 108 

1',. I 0, 100 

17. 1 0,0''0 
1H.0 0. 041 

0, 176 

0, 14) 

0. 183 

0. 209 

0, 2)2 

10. ^ 0,124 

11.2 O. 138 

11.0 0. 154 

9. 4 0. 198 

7,6       0, I It- 

Teat Temperature,   F(Ci 

Alloy  Bteel 

0, 35 C,  0. 27 Si.   1.44 Mn, 

0.041 S,   0,0)7 P,   0.03 Cr 

0. H  Ni,   0, 28 Mo 

0, 05 

0. ID 

0. 60 

0. 70 

O, 044 

0. 042 

0. 088 

0.09 1 

0. 044 

0. 094 

0, 125 

0. I 1 1 

0. 044 

0.04 3 

0.045 

0. 100 

0, 105 

0. 150 

0. 121 

0. 100 9,4       0. 134 

14,4       0, 105 10. 2       0. 130 

0. 147 

0. 159 

13,4       0. 126 

About 4137 

0.35 C.   0. 27Si,  0.66 Mn, 

0.023 5,  0.029 P. 0. 54 fir, 

2.4S Nl,   0, 54 Mo 

22. 1 0. 080 

2H. 1 0. 077 

29.2 0,075 
28, 1 0,080 

16.( 0.104 

20,8 0,048 

21.8 0,046 

21,3 0, 102 

15,0       0. Ill 

15,7       0, 1 12 

About 9261 

0.61 C,   l.SB Si,  0.44 Mn. 

0 0)8 S,  0,03S P, 0, 12 Cr, 

0.27 Ni.  0.06 Mo 

About 50100 

1.00 C, 0. 19 Si, 0. 17 Mn. 

0.027 S, 0,023 S, 0. 10 Cr, 

0   09 Ni 

52100 

1,06 C, 0. 22 Si, 0,46 Mn, 

0.019 S, 0,031 P, 1.41 Cr. 

0. 17 Nl 

Hot rolled, 

annealed 

0, 10 

0, 50 

0. 70 

0. 05 

0. 10 

0, 20 

0. 30 

0. 50 

J, 70 

22,9 0. 109 

2 8. 2 0.10 1 

27. 8      O.104 

0, 155 

0, 14S 

0. 135 

0, IIS 

0. 114 

21,5 0. 131 

21. ) 0. 132 

20.9      0. 1)1 

20,9 0.IZJ 

2S,5 0. 107 

2S.9 0. 107 

2). 3 0. 1)1 

20,4 
20.0 

0. 106 

0. 106 

0, 120 

11,8       0. 152 

14. 1       O. 140 

14,1       0.142 

0. 163 

0. 176 

14.3       0,146 
17.7      0.127 

0, 154 

0. 179 

0, 168 

0. 162 

0. 143 

n. 2)5 

0 141 8, 1 0. 167 
0 142 8. 0 0, 174 
6 155 8.4 0. 164 
0 158 7, 4 0. 144 
0 1H4 7.0 0. 212 
0 181 (..7 0.220 

0 169 h. 7 0. 20) 
0 141 8, 3 0. 171 
0 143 ft. 3 0. 178 

0 148 7. 7 0. 192 
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TABLE 1-4.    (Continued) 

Ttil T«mp«r»lur«,  FlCI 

Ma-St •t««J 
0.61 C,   LSI St,  0.94 Mo, 
0 0)8 S.  0.0» P. 0. 12 Cr, 
0. IT Nt,   0.06 Mo 

Cr-Sl ■(••I 
0.47 C,  3. 74 St,  0. IB Mn, 
8. 20 Cr.   0. 20 Ni 

About DJ 
2.2) C.   0.4) St,   0, )7 Mn, 
I), 10 Cr.   0. J) Ni 

Hot rolled. 
•nncAled 

Teil  remper*ture,   F(CI 

H-13 
0. 39 C.   1.02Si,   O.bO Mn. 
0.016 P,   0. 020 S.   V ?9 Cr, 
0.04 Ni,   1.35 Mo,   0,r:7 N. 
0. 8)  V 

r«tt rcnip«r«lur«,   F(C1 

About H- 26 Hot rolled. 
0   80 C.  0, 2B Si,  fl. 12 Mn, anntftled 
4. 30 Cr,   0. IB Ni.  0. 55 Mo. 
IB. 40 W,   1.54 V 

About )0I SS 
0.08 C, 0.9) Si, 
0.009 P. 0.014 5 
6.96 Ni. 0. II Mo 
0.02 N,  0.06)Se 

Teil Temperature.   F(Cl 

Hut relied. 
. 10 Mn. annealed 
16. 99 Cr, 
0. 91 Al. 

1650(900) 1830(1000) 

14.8      0.119 

2010(1100) 

9.7      0.172 

219 

7.5 

(12001 

0.05 ■ 9.2 0. 117 0. 181 
0. 10 22.6 0. 112 17. 1 0. 108 0. 151 8.7 0. 166 
o.zo 25.7 0. 101 19.5 0. 101 0. 1)9 9.7 0. 160 
0.)0 27.6 0. 108 20. 5 0. 109 0. 126 10.0 0. 161 
0.40 27.b 0. 114 20.2 0. 114 0. 141 9.S 0. 179 
0.50 27.2 0. II) 19.8 0. IZ5 0. 144 9. 1 0. 188 
0.60 26.0 0. 121 18.B 0. 117 0. 162 8.2 0. 209 
0.70 24.7 0. 1)0 17.B 0. 152 0.178 7.5 0.228 

0. 05 19.9 0. 118 23.9 0. 104 0. 167 10.0 0. 206 
0. 10 19. 9 0. 1)6 25. L 0, 120 0. 162 II. 1 0. 189 
0.20 19. 9 0. 143 27.6 0. 121 0. 153 11.9 0. 184 
0. 10 19. 9 0. 144 28.4 0   119 0. 148 12. 1 0. 182 
0   40 19. ) 0. 150 28   2 0. Ii5 0. ISO 12. 1 0. 178 
0. SO 18. 5 0. 155 26. 6 0. 112 0, 155 11.8 0. 182 
0. 60 17. 5 0. 160 2S. 2 0. 142 0. 160 11.S 0. 182 
0.70 16. 1 0. 16) li.i 0. 158 0. 162 10.7 0.  199 

0. 10 39. 2 0.087 29.0 0. 108 21.0 0. 123 14. t. 0. 121 

0. 10 43.7 0.OB7 10.4 0. 114 21,0 0. 1)9 11,9 0. 1)0 
0.50 19.7 0. 101 '7. 1 0. 125 18.4 0. IS5 12.2 0. 124 
0. 70 35. 1 0. 1)1 22   S 0. 145 IS. ) 0. 168 10. 7 0. 108 

1290(7001 15101(120) 

10.2       0.J05 

1650(900) 

6.0      0.37) 

18)0 

4. 8 

1000) 

0, 1 19, 1 0.2)2 0. 374 
0. 2 »0.  1 0. 179 11.7 0. 27S 8.2 0.141 9.0 0. 295 
0. 1 (1,0 0. 179 IS. 1 U.26S IÜ.8 0. 105 11,6 0. 267 

0.4 25. 4 0.204 1-!, ) 0.295 12.S 0.287 11. 8 0. 269 

1650(900) 18)0 11000) 2010(1100) 

2b.2      0.106 

2190 

18.- 

1200) 

0, 10 46.7 0.05B 37.4 0.072 0. 125 
0. )0 49. 6 0.075 (H. 1 0.087 26.0 0. 121 18. 1 0. 140 
0. so 44. t 0.046 33. 7 0. 102 Zi.t, o. m \b. 1 0. 151 
0. 70 )"    1 0. ! IS 27.9 0. 124 id. i 0. 149 11.8 0. 162 

M!0(b00) w 0(8001 18)0(1000) 

16.3      0. M7 

2190 

7.6 

12001 

0.2S 40. S 0.051 0. 161 
0. 50 19   1 D.0f>2 17.8 0. 108 7.6 0. 177 
0   70 17. 8 0.069 17.4 0. 102 6.6 0. 192 

302 SS 
0. 0V C,   0. 71 Si.   1.07 Mn, 
0.03  P.   0.0055,   18.14 Cr. 
9.56 Ni 

302 SS 
0.08 C.   0. 49 Si,   1.06 Mn. 
0.057  P,   0. 005 5,   18, 17 Cr, 
9. 16 Nt 

302 SS 
0.07 C,   0, 43 SI.  0.48 Mn, 
18. 60 Cr,   7. 70 Ni 

Hot rolled, 
annealed 

Tett Temperature.   F(C 

509 SS Hot drawn, 
0. 15 C,  0.42 Si,   1.30 Mn, annealed 
0.023 P,  0.008S,  22.10 Cr, 
12.99 Ni 

310 SS Hot drawn. 
0. 12 C,   I. 26 Si,   I.S6Mn. annealed 
0.01  P.   0.009 S.  25.49 Cr, 
2I.2B Nt 

316 SS Hot drawn, 
0.06 C,   0.52S-,   I.^uMn, annealed 
0.035 P,   ^».0055,   17,25 Cr, 
li.ZS NI,   2. 1? Mo 

405 SS 
0. 1fr C,   0.37 51,  0,44 Mn, 
0.024 P,   0,007 S,   12. 62 Cr 

Hot rolled. 

SS Hot rolled, 
0, 12 C,   0. 12 St,  0.29 Mn, annealed 
0.014 P,   0.016 S,   12. 11 Cr, 
0. 50 Nt   0.45 Mo 

SS Hot rolled, 
0. 08C,   0.45 St,   0.43 Mn, annealed 
0.031  P,   0.005 S,   17. 58 Cr, 
0.31 Nt 

Tcit Temperature,   F(C) 

Teit Temperature,   F(C(- 

0.2S 
0.4Ü 

2b. 5 
31. 3 
17. S 

0. 14' 
0. 151 
0,270 

25, 1 
10.0 
4S.4 

0. 1'0 

0. 121 
0.061 

1 1.0 
l).5 
I*.. M 

0.206 
0. 188 

0. 161 

4. 6 
4.7 

4. 1 

0. 281 
0. 284 
0. 310 

0,2S 
0, 40 

0.60 
0. 70 

S2.2 
58. 9 

hi. 1 

64.0 

0.0)1 
0.022 
0.020 
0.02) 

lt. t 
40.4 

41.'» 
42.0 

0,04i 
0.012 
0.010 
0,011 

23, l 
24.7 

24,4 
24.7 

0.040 
0.050 
0.053 
0.052 

12. 8 

11.6 
11. 5 
11. 4 

0. 082 
0.081 
0.091 
0.096 

1650 900) IMO 

lb.8 

21.2 
25. 2 
26. 1 
26.9 
2 7.0 

26.4 
25. 7 

(1000) 

0.079 
0.068 
0.067 
0.074 

0.084 
0.091 

0.092 
0. 102 

2010(1 100) 

13.7        0.041 

15.6      0.091 
18.1       I).089 
19.5      0.089 
19.9      0.094 
14.b      C.098 

19.1      0.102 
18.4      0. 10« 

2m(l2Q6i 
9. 7      0. 1)9 

11.1 0. 127 
12.5      O.'^O 
11.5      0. 1 15 

14.2 0.110 
14.2      0. 115 

1). 8      0. 118 
1).9      0. 120 

(),0S 

0. 10 
n. 20 
0. 10 
0.40 

0.50 
0,60 
0,70 

24. 6 

28.4 
)3.6 
IS. 1 
!S. 6 

35.4 
U. 1 

33.6 

0.02! 
0.026 
0.0)1 
0.042 
0.05S 

0.060 

0.0b8 
0. 0?2 

11 10 600) 1470 800) 18)0(10001 2190(1200) 

0   25 
0.40 
0.60 

)9.4 

45. 1 
48, 1 

0.074 

0,074 
0.076 

«.7 
9.6 

?. 5 

0. IB4 
0   ITo 
0. IBS 

0.2S 
0.40 
o *»n 

so.; 

56.5 
el.8 

0.080 

0.067 
12. 1 
21.9 

0. 127 

0. 142 
0, 212 

27,5 
2Z.8 
9.7 

0. 101 
0. 143 
0.284 

12.0 
10. 8 
4. 5 

0. 154 
0. 175 
0. 326 

0.2S 

0.40 
0.60 

11.5 

28,8 
19. ) 

0.26) 
0. 162 
0. 128 

11. 2 
2h.8 

30. 1 

0. 149 

0. 118 
0. D) 

6.4 
1.7 

6, ) 

0. 117 

0.41S 
0,365 

«. 0 

7.4 
6.5 

0.20^! 

0. 227 
0.254 

0.25 
0.50 
0. 70 

26. 1 
26. 9 
24. 6 

0.079 
0.076 
0.090 

IS.4 
16.0 
15, ) 

0. 125 
0. 142 
0. 158 

7.3 
7.« 
7.5 

0. 157 
0. 152 
0. 155 

1110(600) 1470(800) 18)0 1000) 2190(1200) 1650(900) 

0.25 
0.50 

0.70 

28.7 

29. 1 
28. 7 

0.082 

0.09) 
0.096 

17.2 

20.7 
22.5 

0.082 

0.07) 
0.067 

11.9 
11.6 

1 1. 2 

0.079 

0. 117 
0. 1)1 

0. 25 
0.50 

0.70 

n.s 
22.1 

23,2 

0.094 

0.097 

0.098 

8. 4 

9. S 

9.2 

0. 128 

0. 145 
0. 158 

2«.3       0. 114 

)4.9       0. 105 
)7.1       0.107 

1600(870) 

43.4       0.077 

1700(9251 

36.4       0.095 

1800(980) 2000 

21.5 

1095) 

0. 145 

2100(1150) 

30.6 0. II) 18.0      0.165 

2200(1205) 

12.8 0. 1B5 

16 
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• The strain-rate range used in calculations 

• The literature reference for the data 

• C and m values calculated by least-mean-square 
fit from the original data at a given strain and 
temperature. 

As for strain-dependent data,  the calculated 
C and m values were used to predict the flow-stress 
values using Equation (1-7).    The difference bet- 
ween the original and the calculated flow stress 
value was always less than 10 percent,  and in most 
cat.es less than 5 percent. 

Useful ranges for average strain rates are, 
for hydraulic presses 2-5 1/sec. ,  mechanical and 
screw presses  10-25 1/sec. ,   and for hammers 
100-200 1/sec. 

Flow-Stress Data for Uranium,  Molybdenum, 
Tungsten,   Tantalum,  and Niobium 

For some materials,   the flow stress could 
not be expressed in exponential forms.    Those 
data are presented in form of curves. 

Uranium is strain-rate dependent even at 
room temperature.    Therefore,   for uranium C 
and m values are given for room temperature at 

TABLE 1-5.   SUMMARY OF C AND m VALUES 
RATE RELATION, ~ - C(e)m 

(C is in 10^ psi) 

DESCRIBING THE FLOW STRESS-STRAIN 
FOR ALUMINUM ALLOYS AT VARIOUS TEMPERATURES 

KiBtory 

Ten T«mpcr«turc,   FIO 

Sup«r-pure 
99. 18 Al.   0. 0017 Cu, 
0. 0026 St,   0. 0033 Fe 
0   OOh Mn 

Cold rolled, 
Annealed I/2 hr 
tl I 11 0 r 

Teet Temperature,   F(C): 

EC 
0  01  Cu,  0, 02t Mn. 
0   Ot) M|,   0. 092 Si, 
0. 21 Fe,  0. 01 Zn. 
99, 5 Al 

miealed  3 hr 
it T'.C F 

I 100 
'>9. 0 AUMin),   0   10 Cu 
0   15 Si.   0   «0 Fe, 
Q  01 Mn,  0  01  Mi 

Teet Temperature,   FICl: 

Qild drawn. 

About  1100 
0. 10 Cu,  0. 20 Si. 
0  02 Mn,  0. 46 Fe, 
0  01 Zn,  Bai Al 

Te«t Temperature.   FICl 

Fxlrudeil.  an- 
nealed  1 hr at 
7S0 F 

Teit Temperature,   FICl: 

Cold draim 
annealed 

2017 
94. 95 Al,   1   50 Cu. 
0. 10 Si,   0. r.'i Fe, 
0. 50 Mn,  0  45 MR 

Teit Temperature,  FICl; 

About 2017 Solution treated 
0  89 Mg,  4. 17 Cu. 1 hr at 950 F, 
0, 61 Si,  0  41  Fe,   0 80 Mn.    water quenched. 
0   052 Zn,   0   01  Pb. annealed 4 hr 
92. 9 Al at 750 F 

T*it Trmppraturf F(C): 

5052 Annealed 3 hr 
0. 0*>8 Cu,   0   04 Mn, at 7'*L) F 

2. 74 Mg,   0   10 Si, 

0, 19 Fe,   0. 0 1   7.n, 

0. 001 Ti,   Bai Al 

50S6 AnnealeH hr 

0  Oifc Cu,  0   04 Mn, at T'lO F 

4.BJ Mg,   0. 15 Si, 

0. 22 Fe,   0, 01  Zn, 

0, 14 Cr,   B*l Al 

5083 AnntaleH  3 hr 

0   01   Cu,   0   77 V'n, at  7'<0 F 

4  41   Mg,  0. 10 Si, 

0, 16 F«,   0   01  Zn, 

0   1 ^ Cr,   ')   002 Ti, 

B«l Al 

S454 Annea lei!  i hr 

0. OAS  Cu,   0. Ml   Mn, at  r-D f 

2   4S  Mg.   0   12 Si, 

0. IB  Fe,  ^0. 01   /n, 

0. 002 Ti,   Bai Al 

Tf-Ftt Temperature, FICl; 

About  707*. S..I    trrai 1   hr 

8')   6 Al,    1    11   Cu. at M70 F. water 

2   21   Mg.   0  2! St, queni bed aged 

0   30 Fe.   0   34 Mn. at ^HC3  F nr 

5   75  Zn,   0   01   Ph !'■ hr 

0 20 

0   4li 

Strain Hate 
Range,   I/aec 

0. 288 
2.88 

0  20 

0. 4 0 

0   ^0 

0  70 

0 105 
0.223 
0   338 

0. 250 
0. 500 

0   110 

0. 050 

4. i        0. 1J0 
4. g    o. 0(5 

10. 't       0. Ofefe 

12   3       0. 0(. < 

0. 147 
0. 135 

0, Ohi 

U. 07! 

0. 022 

0 022 

0. 02 I 

0. 024 

0. 02f. 17. (I 

390(200) 

0. 02t 
0. 031 
0.035 
0. 041 
0. 041 

14.5        0,014 
12.2      -0.025 
Z'>   5     -f). 03>1 

0. 20 Mi       n  ons 1' M 0   0'H 
0.40 H o   -o. no'i K 3 0   104 
O.dO it., ')     -0   00'' 1ft 0 0. 102 
0  80 (7   0     -0. 00't Id 2 0. 0'I7 

750(4001 - 84 0(4501 

0   115 lo.o     o.mo 0 0  135 
2     M. •7        0   115 r ')   12 0 

2   H        0   140 

2.H        0.125 

2.1 0.224 

t^0i350| 

f<   i 0. 05S 

b.'J 0. Ot. 1 

7   J G. 073 

7.) 0.084 

7  4 0. 0H8 

Ü 12t. 

0 121 

0. I 19 

0. HO 

0. 0«0 

14. 1 0 03M B„ si 0. 125 

15.  ' 0 035 i. 1 1). 071 ^, ) 0. MO 

lt.. M o 03'. (   0 (1     lldK 5    1 0. 114 

17, 5 n 03^ l'.4 0. (JIH 
'■.' 

0. 125 

42   (i -0 032 20. '' 1)    IIH 1 1   7 0, 200 

44   0 -0 032 20   H 0    MM 10   5 0. 205 

44, 9 -0 oil 19. 't 0.   14^ 10   1 0 Zü2 

4 5. t, -0 034 20, 1 0.  144 It), 1 (V 201 

43   h -0 ()Qr 2 0. ^ 0.0'iS '   1 '). 182 

43. (' -0 001 19. 7 0   iOH H    1 0   20M 

41     ' fl 003 IH. H 0.  1 11 M   S n, 2oi 

40. 2 0 (1(12 I'1,  1 0. 105 0   It.l 

17 

. 155 
. 175 

0. 100 
0, 098 
0. 100 
0, IK, 
0. 130 

0, 145 

0, O'lO 

0. 170 
0   U5 

0. 230 
0  215 

2   4 

2, 5 

0.  130 

o no 
0 141 
0. 156 
0. 155 

0. 155 
0. 15^ 
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TABLE 1-6.   SUMMARY OF C AND m VALUES DESCRIBING THE FLOW STRESS-STRAIN RATE 
RELATION,  Ö = C(e)m,   FOR COPPER ALLOYS AT VARIOUS TEMPERATURES (C is in 103 psi) 

Refer Strttn fUlc 

C m C m C ni C rn C m ence Hange,   l/«ei 

Copper 

0.018 Pr  0,0010 Ni,   O.OOOJSn 

0 0002 Sb.  0  0005 Pb 

0, 0010 f*e,  0.Q010 Mn, 

0  0005 Mg.  ^0  0005 A«. 

■ 0  0001 Bi.   0  0014 S.   less 

th*n 0. 00) O,,   St *   Te not 

detected 

Mkten&l 
Hiatury Slr»in 

ture,   F(C)' 

Cold drswn. 0. 105 
snntsled 2 hr 0.2^3 
tt 1110 F 0   318 

0.512 
0.bcl5 

570(300) 840|450( 1110<b00| 

12   7      0,050 

1 »80(750) 

7,6       0 096 

lb50(900| 

20.2       0.016 17 0 0.010 4 0. 114 

26.5       0,018 ? • 5 0. 004 16   8 0.043 9. 7 0.097 6 0. 1 10 

30  2       0.017 25 1 0.008 18 9 0,041 10  0 0   120 ft 0. 154 

32.2       0.025 26 6 0.014 1').4 U.056 8, 5 0, 186 J 0. 195 

34.4       0.024 2 t. H 0, 031 19, o 0 078 8.2 0. 182 5 0. 190 

fe«!   remperature.   FfCl 

OFHC  ( „pper 2t>. 7       0   04 I ( 

Teat   remperalur.-.   FfC) 

CDA   1 10 Hi>t rnlk-d, 

9<1   ^4 Cu,   0.0003 Sb.   0.0012 Pb,      .*nn«-al.vl 

0,U012S,   0.00''   t>.   0,00!   Ni 

lest Temperatur FlO 

CD*  2 20 

90.0c  Cu.   0,033 Fe.   0   004 Hb. 

0   003 Sn.   I3al  /.n 

Lxtrudeil,  .old 

dra«..!   iQ%. 

annealed 650 C 

90 mm 

0,25 

0. 50 

0. 70 

0   25 

0, 50 

CDA 2t.n Hul rolled, 0  25 

70.05  Vu tr  F<- t  Sn annealed 0   50 

Hal /n 0   70 

CÜA 280 Hot rollt-d. 0.25 

tO. 44  Cu, 0, D 1 Pb,   0.O2 Fv. annealed 0  50 

trSn.    Ral /n 0. 70 

CDA   165 Hot  rolled. 0.25 

59, 7H Cu, 0, ^Jü ■b. o. 02 r*-. annealed 0   50 

tr Sn.   Bal Zn 0   70 

750(400) 9 30(500) 1110(1001 

6,6          0. 160 21   0 Ü 046 12 9 0 13b 

27.4 0 049 1 3 7 0 150 fc. 9 0 If.M 

28   H 0 057 11 3 0 165 fe.8 0 176 

390)200) 

(4 

750(400) 

1        0.018 

1110 600) 4701800) 

■11   0 0 017 22.6 0 0*1 1 i I £ 0   1 14 

46.7 0 02'J 39 q 0 032 24   4 0 084 1 1 0 0    1S(. 

48    I 0 0i4 40 7 0 024 £4.6 Ü OHt. 1 1 4 0    140 

J4 
,, 0 0 36 lb.0 0 IM 7 1 0   144 

42 1 0 Ö3I 14   B 0 217 7 0 0    14K 

42 4 0 04 S 14. 1 0 22H t 3 0. 151 

49.0 0 UJh 2fe ., t) 08i 7.6 0 189 1 1 0  228 

58  b 0 027 JH t- 0 075 *,   4 Ü .'HI 2 8 o,2iq 

^0, 3 0 02 7 2B 7 0 ÖS1 4. 7 0 291 2 2  220 

0.038 

0 0 12 

0. 015 

0, 06 5 

0   085 

8.4       Olli 

TABLE 1-7.   SUMMARY OF C AND m VALUES DESCRIBING THE FLOW STRESS-STRAIN RATE 
RELATION,  7= C(t)m,  FOR TITANIUM ALLOYS AT VARIOUS TEMPERATURES (C is in 10^ psi) 

Material 

1     
Refer- Strain R "if 

Material History Siram c m C n. C m C m r. m C m C ni em e Range,   1 se, 

Tei t   rempcralure,   FlCI 

Annealed   15 nun 0.2 

68(201 392(200) 7^2(400) 1 1 12 

25. 3 

hOOl 

0, 017 

1472(800) 

12.8       0. 10 7 

1652 

%. 4 

9001 

0. 230 

1832(10001 

1.0        0. 187 16 0.25- If Fyp« i 12. 8 0.029 60. >' 0.046 39, 8 0.074 0 

0.04 Fe.   0. 02 C, at   1200  F in 0,4 1 1 J . 7 0, 02'» 73.3 0. 056 48. 8 0. 0M 29. fa 0. 115 14. (, 0. 181 s, s 0, 248 l.t. 0 ZH'l 

0.005 H,,   0.01  N<, hifih v^uum 0.6 12". b 0.028 82. 2 0, 'J5f 53,9 0. 04" 12. 1 0, 105 14, 9 0, 195 5, ^ 0.248 3. 5 0 28^ 

0.04 O2,   Bal   ti 0. B 142,5 0.027 87. 7 0.058 5(,   3 0. 042 32, 7 0, Oil is. 4 0. 180 5. « 0.  186 1. 2 o 2' 4 
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various strains in Table  1-8.    The data for uran- 
ium were obtained by conducting stepwise com- 
pression tests between 68 and 392 F.    Thus,  the 
upsetting of the samples was conducted for a strain 
of e =  0. 2, the test was stopped,  the sample and 
the platens relubricated,  and the test continued.''^) 
Therefore,   it can be assumed these test values 
neglect the effect of heat generation during defor- 
mation.    This point is particularly significant in 
uranium because its flow stress is extremely tem- 
perature dependent (as seen from C values given 
in Table  1-8).    The deformation behavior of uran- 
ium drastically changes at 760 C (1400 F) when 
the rhombic a structure is transformed into brittle 
ß structure.    Near 800 C (1470 F),  uranium is 
transformed into y structure which represents 
relatively good formability.    The extraordinary 
flow stress and fracture behavior of uranium at 
760 C (1400 F) is shown in Figure 1-2 in function 
of strain and strain rate. C^) 

The flow stress data for tungsten,  molyb- 
denum,  tantalum,  and niobium could not be,  with- 
out large errors,  approximated in exponential 
forms because these materials exhibit strain and 
strain-rate dependency at low and high tempera- 
tures.    Therefore,  the data for these materials 
are given in form of curves in Figures  1-3 through 
1-6.    Tungsten has very little ductility at temper- 
atures below 400 C (750 F).    In some cases,  many 
high-temperature materials exhibit certain amount 

1138 

85.3 

a. m 
O 

lb 
569 

28.4 

Strain •M,n£) 
FIGURE 1-2.    FLOW STRESS AND FRACTURE 
LIMIT OF URANIUM AT 760 C (1400 F) AND AT 
VARIOUS STRAIN-RATES'1?) 

(Composition is given in Table 1-8. ) 

TABLE 1-8.    SUMMARY OF C AND m VALUES DESCRIBING THE FLOW STRESS- 
STRAIN RATE RELATION, 7! = C(T)m,   FOR VARIOUS MATERIALS (C is in  ID3 psi) 
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of (ormabllity under compreition,  but they frac- 
ture at higher itralna.    Theae caaei are Indicated 
in figurea where the flow-atreaa curve for a given 
temperature could not be extended beyond the 
atrain where the sample fractured. 

Few flow-atreaa data in function of tempera- 
ture and atrain rate exiat for alloyt of refractory 
materials or for cobalt- and nickel-bate auper- 
alloya.    Very uaeful data on forging preaiurea at 
various forging jonditioni, however, are available 
in a recent book published by Battelle staff mem- 
bers.'1'   Thia information,  since it is readily 
available in the U. S, , has not been Included in 
the present report. 

APPLICATION OF FLOW-STRESS DATA IN 
PREDICTING FORGING LOADS AND STRE55"ES 

A number of methods are used in analyzing 
metalforming and forging problems.    The most 

commonly used method for predicting forging 
stresses and loads is the so-called "Slab" or 
"Sachs" method.    The principles and the details 
of this method are described in various publica- 
tions'18' and they have been applied to practical 
forging problems earlier in this program. '1<" 
At this time it is useful to illustrate,  with a few 
examples, how the flow-sfress data summarized 
In this report can be used for predicting stress 
and loads in forging operations. 

Upset Forging of a Ring or a Cylinder 

The upset forging of a ring with an internal 
radius r^,  external radius re,  and height,  h,   is 
schematically illustrated in Figure 1-7.    The 
axial stress distribution   o„, as shown in 
Figure 1-7,  is given by:'1?) 

=   h-(re - rb) + o (1-8) 
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85.S 

56.8 

284 

14.2 

f 1 - - I J 

— i——- ■-  ,, J-K — r-" J-^ -^rX^: y. •. 

-~~- --   L^: P+^f- ' 
...... _-  ■ ̂

 
^ i= vrrr\ 

t3 ̂  5 := s^ -    - 

-- 
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' 
i in 

- — - 
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1 i 
i I r*4 ■0 .29 

1422 

752F 
1138 

III2F 
1472 F 
ie32F 
2192 F 
2532 F 

853 

569 

FIGURE 1-3.    FLOW STRESS-STRAIN CURVES 
FOR TUNGSTEN AT VARIOUS TEMPERATURES 
AND STRAIN-RATES I16) 

(99.96 W,  tr Mo,  0.004 Fe, 0.008 C, 0.001 H2, 
0.003 N2,  0,003 O2; annealed 60 min at 1920 F 
in high vacuum) 

003 004   006008 01 02 

Strom,«, (ln-jfc-| 

03    04      06   08 10 

FIGURE 1-4.    FLOW STRESS-STRAIN CURVES 
FOR MOLYBDENUM AT VARIOUS TEMPERA- 
TURES AND STRAIN-RATES'16' 

(99. 95 Mo, tr Nb, 0. 01 Fe, 0. 005 C, 0. 001 H2, 
0. 001 N2, 0. 005 O2; annealed 60 min at 1740 F 
In high vacuum) 
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The forging load,   P,   for upsetting the ring is 

P     ZTT 

/     3 3 
2T { »-e    -  rb 

where, 

2T           _\  re    -  rb 
Tre*a      1  (1-9) 

nz = axial stress distribution 

P = forging load 

T = f-^,  friction shear stress 

f = friction factor,  0. 15 < f £ 0. 3 in hot 
forging 

ff = flow stress of the material t tempera- 
ture and strain-rate conditio is present 
during forging 

h, re, rjj -  dimensions of the ring as shown in 
Figure 1-7. 

Equations (1-8) and (1-9) are also valid for 
a cylinder.    In that case,  the value ru =  0 must be 
substituted in the expressions. 

For example,  let us consider the upset 
forging of a 1043 steel cylinder of final height 

0. 5 inch, and final radius of 2 inches under a ll 
hydraulic press of 2 in,/sec constant ram speed 
at 1180 C (2160 F).    From the height of the sample 
and from the  ram speed, the strain rate, T,  near 
the end of forging is obtained using Equation (1-4): 

-     V.     _L 
6 ' hi= 0.5 

4 sec' 1 

For 1043 steel, at 118C C (2160 F),  from 
Table 1-4,  we obtain the values C -   10,800 and 

0£   08 10 

FIGURE 1-5.    FLOW STRESS-STRAIN CURVES 
FOR TANTALUM AT VARIOUS TEMPERATURES 
AND STRAIN-RATEST) 

(0. 12 Nb,  99. 8 Ta,  free of U,  0. 03 Fe, free of 
Ti, 0.001 H2,  0.031 N2,  0.003 02; annealed 
60 min at 2190 F in high vacuum) 
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FIGURE 1-6.    FLOW STRESS-STRAIN CURVES 
FOR NIOBIUM AT VARIOUS TEMPERATURES 
AND STRAIN-RATESH6) 

(99.86 Nb,  0.02 Ta, 0.05 Fe,  0.008 Ti,  0.005 C, 
0.001 Hz, 0.03 N2, 0.02 02; annealed ^0 min at 
2190 F in high vacuum) 
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m = 0. 21,   Thus,  the flow stress 7J towards the end 
of forging is 

ä=Crm=  10(800(4)0-21 =  14,450 psi. 

Thus, with r^ = 0, and estimating the friction 
factor f = 0. 3, the forging load is obtained by 
evaluating Equation (1-9),  or 

P  =   27T 
Tr, ar. 

3h 
ZTra (2.6) = l.Z-nä 

P = 246,000 pounds. 

Round Closed-Die Forging With Flash 

The forging schematically illustrated in 
Figure 1-8 was earlier investigated in Phase I of 
this program. ''9)   At that time,  detailed mathe- 
matical expressions were derived and applied to 
several forgings including the one seen in 
Figure 1-8.    In the present report the application 
of an .»pproximate,  but very simple,  method of 
predicting the forging load will be illustrated. 

This technique was initially suggested by 
Siebel^l).    The flash stress,  (7Z2,  at the entrance 
to die cavity is obtained by considering the flash as 
a ring and by using the dimensions given in 
Figure 1-3.    It is then assumed that the normal 
pressure acting on the entire forging,  including the 
flash, would be approximately constant and equal 
to the flash stress CTZ2,   at the entrance to the die 
cavity.    Thus,  by assuming a friction factor 
f = 0. 25, which is typical for hot forging, and by 
using the dimensions given in Figure 1-8, 
Equation (1-8) gives: 

£Vir<re-rb'*aP 

FIGURE 1-7.    STRESS DISTRIBUTION IN UPSET 
FORGING A RING WITH METAL FLOWING 
OUTWARD 

*z2 = ^o0^5/7^. 181 - 0. 787) + ä = 3. 5 ?T 

For a ram velocity of 1.02 in. /sec,  the 
strain rate in the flash near the end of the forging 
is 

e'h     0.079 
12. 9 sec -1 

The corresponding flow stress for 1043 
steel at 2160 F is obtained by using the corres- 
ponding coefficients C = 10, 800 and m - 0. 21 
from Table 1-4.    Thus, 

ä=  10,800 (12.9)0-21 =  18,400 psi   . 

The total forging load is now given by: 

P = CTz2-7rr1
2 = 3.5 ^TTT (1. 181)2 ^ 282,000 lbs   . 

This- value is for practical purposes close to the 
actual load,   264,000^8,  mea 
part illustrated in Figure 1-8. 
actual load,   264,000 lbs,  measured in forging the 

(19,20) B    6 

FIGURE 1-8.  SCHEMA TICILLUSTRATION OF 
ROUND CLOSED-DIE FORGING WITH 
FLASH'

20
' 

Prediction of Temperatures in Hot Forging 

The accuracy of estimating the flow-stress 
values in forging depends significantly upon the 
prediction of average values of strain rate and 
temperature.    As discussed above,  the average 
strain rate is calculated from the known average 
thickness of the forging and from the average 
deformation velocity of the equipment.    Often it 
is desirable to calculate average temperatures in 
a forging,   or in various zones of a given forging. 

Detailed discussion of temperatures in 
forging processes,  and the method of predicting 
them are given elsewhere.'")   In estimating 
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average temperatures in a forging,   it is neces- 
sary to consider the initial stock temperature, 
9S,  the temperature increase due to deformation, 
9J,  and the temperature drop due to heat losses 
into the dies,   0C.     As a first approximation,  the 
temperature increase due to friction,   0[,  may be 
neglected because it can be assumed that the 
friction contributes to achieve an average uniform 
temperature across the forging. 

Calculation of temperatures in a forging 
can be illustrated by considering the 6061 alum- 
inum forging seen in Figure  l-9("''-'*'.    This 

"Fvr? 

005' 

--J 
3»H   — ??S 

E §?■ s. 
FIGURE  1-9.    EXAMPLE FORGING 
FROM 6061 ALUMINUM'23) 

part has a thinner /.one on the left and a thicker 
zone on the right.     The average temperatures of 
the forged material in these /.ones are calculated 
separately.    In simplifying the analysis,  a rea- 
sonable approximation is to neglect the tempera- 
ture gradients and consider different parts of the 
forging as separate plates with average uniform 
temperatures,   cooled symmetrically from both 
sides.    Thus,   the heat balance gives'1-'-': 

•^  + C i)exp (-S) • (1-10) 

where 

1 ■  = initial die-surface temperature 
400 F -- 204 C 

9 - instantaneous average temperature 
of the forging 

9    - initial stock temperature - 850 F = 
454 C 

Ot = heat-transfer coefficient between 
the forging and the dies, -15,000 
kcal/in. -hr-°C, estimated from 
values obtained in forging steel*     ' 

T = time of contact estimated from press 
speed (TT   =0.6 sec for left side, 
Tj^ =0.5 sec for right side) 

c = specific heat of forged material 
-0.2114 + 0.000133 9 (cal/g-'C) 

p = density of forged material -2.71 g/cnr 

t = thickness of the plate,  measured on 
actual forging (tL = 0. 195 in.   - 0.495 
cm for left side,  t^      1   517 in.   = 
3.85 cm for right side). 

Left Side.    Applying Equation (1-10) to the left 
side of the forging,   Figure 1-9,  gives the temper 
ature in the forging after cooling in the dies 
9T   -  309 C,    The temperature increases due to 
deformation is given by 

•;d = Aäara/cp   , (i-ii) 

where,   in addition to the previously defined 
symbols, 

A  =  factor for conversion from mechanical 
energy into heat energy,   3.2JÖ x  10"4 

kcal/ft-lb,   or 2.342 x  lO"3 kcal/m-kg 

~a = average flow strefs (estimated for 
509 C to be abou'   11, 500 psi) 

.a      average strain 
and final thicknesses 
1 e f I  side). 

estimated from initial 
0. 5 for laL 

The evaluation of Equation (1-11) gives 
,_,,,   -17 C.     Thus,   the average temperature of 
the thin side of the forging is., 

FL 
- 309 C +  17 C = 326 C  -~ 620 F. 

Right Side.     I he thick side of the forging was sub- 
iect to a very small amount of deformation be- 
cause its preform thickness was nearly equal to 
finish thickness.    Consequently,  we can neglect 
the temperature increases due to deformation and 
friction.     The average temperature of the forging 
at the end of stroke ■'<^,   is estimated by evaluafmg 
Equation (1-10) with the appropriate constants. 
Thus, 

FR - 43 2  F 810 F 

These tomperaturos can now he used for 
predicting the flow stress at both right and lett 
/.ones of the forging. 

Forward Extrusion at Room Temperature 

Various formulas predict the punch pressure 
in forward extrusion.    The expression,   originally 
suggested by Siebel,   is:'     ' 

2 ^a ln Rf 

p      cr    In R + T a 7T   +  :— a 3        a     cosa sina + TTDL ^0f      (1-12) 

where. 
p -  punch pressure 

^a =  average flow stress in the deformation 
zone,   including strain harden;ng 
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a = die half angle,  in radians 

R = reduction in area = cross-sectional 
area of slug/cross-sectional area of 
product 

f = friction factor,  assumed to be 0.04 in 
cold extrusion 

D - diameter of slug 

L - length of slug 

rT0 = yield stress of slug material,  or flow 
stress at small strain. 

In the deformation zone under the extrusion 
die,   the strain, and consequently the flow stress, 
varies with location.    The material strain hardens 
as it approaches the exit of the die.    A reasonable 
approximation for the average flow stress CTa can 
be obtained by integrating the flow-stress curve 
along the strain In R and by taking the average 
value,   or 

In R J 

In R 
TTde 

K(ln R)" 
r + 1 

(1-13) 

forging processes and predicting forging loads 
and energies. 

In forging,  the load and energy required to 
carry out the process are determined by the flow 
stress of the forged material,  by the frictional 
conditions,  and by the geometrical shape of the 
forging.    Thus,   in addition to the flow stress of 
the forged material, the values of the friction 
factor,  and the equations for predicting the 
stresses and loads must also be available.    In 
this chapter,  application of flow stress data in 
predicting forging pressures have been illustrated 
by using examples of upset forging,  closed-die 
forging,  and cold extrusion. 

Future studies related to material flow- 
stress data and forging-load predictions,  will 
include (a) the design,  construction,  and use of a 
devic° for determining flow-stress data of various 
materials of interest,  (b) derivation and repre- 
sentation of simple formulas for predicting pres- 
sures,  loads,  and energies in various forging 
operations,  within useful approximations    and 
(c) the determination of friction factors for 
selected forging operations. 
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2 - 1 
INSTRUMENTATION AND MONITORING OK FORGING PRESSES 

J. R. Douglas, T. Allan, and R. J. Fiorentino 

ABSTRACT 

The successful forging operation requires a certain amount of energy and a certain 
magnitude of load. For the efficient use of existing forging equipment, it is necessary to know 
whether the loads and the energies required by the process are within the available capacity of the 
equipment. It is also useful to know if the required load exceeds the machine or tooling design 
limits, thus enhancing the possibility of failure. Only by using monitoring instrumentation is it 
possible to accurately determine the actual required load and energy of a process. 

The various approaches to forging-load measurement that are discussed in this chapter 
include (1) measurement with load cells, (2) measurement via press-frame deflection, and (3) mea-
surement via hydraulic pressure (for hydraulic presses). Techniques explored for monitoring the dis-
placement of the moving press ram include use of ( I ) linear variable-differential transformers, 
(2) resistance-based potentiometric transducers, and (3) high-speed photography. Methods of deter-
mining velocity, acceleration, and energy are covered, and it is shown that they can be calculated 
on the basis of load and displacement measurements. 

I N T R O D U C T I O N 

The e f f i c i e n t u s e of f o r g i n g e q u i p m e n t and 
the i m p r o v e m e n t of e x i s t i n g f o r g i n g p r o c e s s e s r e -
q u i r e q u a n t i t a t i v e d e t e r m i n a t i o n of p r o c e s s v a r i -
a b l e s . F o r a g i v e n m a t e r i a l , f o r g i n g t e m p e r a t u r e , 
and p a r t c o n f i g u r a t i o n a c e r t a i n a m o u n t of f o r g i n g 
e n e r g y a n d a c e r t a i n m a g n i t u d e of f o r g i n g load 
a r e r e q u i r e d in o r d e r to s u c c e s s f u l l y c a r r y out the 
f o r g i n g p r o c e s s . F i g u r e 2 - 1 s h o w s a t y p i c a l 

Extra Load Required 
to Close Dies 

Cavity Fills Completely O 

Forging energy 

Flash Begins to 
Form 

Dies Contact 
Workpiece 

Forging 
Complete 

Forging Stroke 

F I G U R E 2 . 1. T Y P I C A L F O R G I N G - L O A D C U R V E 
F O R C L O S E D - D I E FORGING SHOWING T H R E E 
D I S T I N C T S T A G E S 

f o r g i n g load p lo t t ed v e r s u s the f o r g i n g s t r o k e . 
The s u r f a c e a r e a u n d e r the c u r v e is t he d e f o r m a -
t i o n e n e r g y n e c e s s a r y to c o m p l e t e the p r o c e s s . 
T h u s , a s u c c e s s f u l f o r g i n g o p e r a t i o n r e q u i r e s 
t h a t 

• The load a v a i l a b l e a t the m a c h i n e be l a r g e r 
t h a n the load r e q u i r e d by the p r o c e s s d u r i n g 
one s t r o k e c y c l e . 

• The e n e r g y a v a i l a b l e in the m a c h i n e be l a r g e r 
than the e n e r g y r e q u i r e d by the p r o c e s s d u r -
ing one s t r o k e c y c l e . 

F o r e c o n o m i c u s e of e x i s t i n g f o r g i n g 
e q u i p m e n t , it i s n e c e s s a r y to know w h e t h e r the 
l o a d s and the e n e r g i e s r e q u i r e d a n d s u p p l i e d by 
the m a c h i n e a r e a d e q u a t e f o r the f o r g i n g o p e r a -
t i o n . I d e a l l y , the m a c h i n e shou ld be u s e d a t o r 
n e a r i t s m a x i m u m load and e n e r g y c a p a c i t i e s 
wi thou t be ing o v e r l o a d e d . As m o s t f o r g i n g 
m a c h i n e s a r e d e s i g n e d wi th l a r g e s a f e t y f a c t o r s , 
t hey c a n be s u b j e c t e d a t t i m e s to s l i g h t o v e r -
l o a d s . H o w e v e r , c o n t i n u o u s o v e r l o a d i n g of 
e q u i p m e n t m a y r e s u l t in b l o c k i n g (in a m e c h a n -
i c a l p r e s s ) , b r e a k a g e of t o o l i n g , d e c r e a s e d l i fe 
of m o v i n g m a c h i n e m e m b e r s , and in h igh m a i n -
t e n a n c e c o s t s a n d d o w n t i m e . I n s t r u m e n t a t i o n 
a n d m o n i t o r i n g of f o r g i n g e q u i p m e n t a s s i s t s in 
p r e v e n t i n g d a m a g e f r o m o v e r l o a d i n g , p e r m i t s 
g r e a t e r r e p r o d u c i b i l i t y in f o r g e d p a r t s , and p r o -
v i d e s i n f o r m a t i o n f o r i m p r o v e m e n t of the s p e c i f i c 
f o r g i n g o p e r a t i o n . 

FORGING V A R I A B L E S AND 
T H E I R M E A S U R E M E N T 

In p r e s s f o r g i n g , wi th m e c h a n i c a l , h y -
d r a u l i c , o r s c r e w p r e s s e s , t he m o s t s i g n i f i c a n t 
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2-2 
variable tu know is the maximum forging load - 
it determines whether the equipment in being lined 
below or above its load capacity.    In mechanical 
presses,  the energy required by the process de- 
termines the flywheel slowdown and the number of 
strokes per minute under production conditions. 
The  ram speed determines the  rate of dt formation 
and the contact time under load.    Thus,   "he ram 
speed influences the flow stress of the deforming 
material,   the friction conditions,  and die wear. 

forging.     No attempt has been made to provide a 
complete  review of measurement technology since 
many techniques would be injpractical for mea- 
suring forging variables.    A number of texts treat 
measurement technology in more detail. (2, 3) 
Discussed here are the most important methods 
for monitoring and recording these variables in 
practical forging operations.    .Special emphasis 
has been placed on monitoring load and displace- 
ment because of their  importarce. 

The  principal objectives  in instrumenting 
forging equipment can be summarized in the 
following categories: 

(1) In praclical situations,   the most signif- 
icant variable is usually the forging load.     Here 
one or several load-measuring devices on the 
press are necessary,   and monitoring or recording 
equipment need only show peak loads.     Excessive 
and off-center loading conditions may  result in 
damage to the press and tooling,  and in exc essive 
tool wear.    At times it may be necessary to mon- 
itor the load at each of four columns to determine 
the degree of off-center loading. 

(2) In starting a new forging operation,   or 
developing a preform design,   it is  useful to know 
the variation of the load during the forging stroke. 
Thus,  the energy necessary for forging can also be 
obtained from the surface area under the  load- 
stroke curve,   Figure 2-1.     For this purpose,   in 
addition to a load measuring device,   a displace- 
ment transducer will also be necessary.     The out- 
put fro.n both load and displacement measuring 
devices can be used in a X-Y  recorder to obtain 
directly the load-stroke curve during the forging 
process. 

(3) In developing a new forging process 
(new material,   unusual part configuration) and in 
precision forging 'if gears,  air foils,  and aircraft 
structural parts,   exact knowledge of forging con- 
ditions is needed.     For these applications,   ram 
velocity,   time of contact between dies,   time of 
forging ui.der pressure,   and die temperatures 
may have to be recorded in addition to load and 
displacement.     Various types of transducers and 
recorders can be used for this purpose.     If load 
and displacement are recorded versus time,   the 
velocity i-nd the contact times can be easily obtained 
from thi i recording. 

MEASUREMENT OF FORGING LOAD 

Although there are various types of load 
transducers based on piezoelectric,   capacitive, 
and inductive effects,   a large majority of devices 
used for measuring  loads,   i.e. ,   load transducers, 
employ elect rical-resistance strain gages in one 
manner or another.     The operation of the strain 
gage is based cm the  physical effect that the elec- 
trical rt-sistanc e of metals change in direct pro- 
portion to the amount of strain.     Since stran; is 
proportional to stres ,,   strain gages are logical 
devices for determining stress for eventual con- 
version to load.     The most common load- 
measuring device,   a  load cell,   designed cm this 
basis is schematically illustrated in Figure 2-2. 

Load 

Strom 
gages 

FIGURE 2-2 REPRESENTATION OF A 
I Vl'lC.AI. LOAD CELL WHERE STRAIN 

CAGES ARE USED JO SENSE LOAD^) 

In this   chapter no attempt has been made to 
disc uss the instrumentation that might be  used in 
monitoring or control of temperature.     While  tern- 
peratare ic a moat important factor in forging,   it 
is  not included in thii chapter because it would be 
better covered as a sole topic   ..la chapter.     In 
earlier work  c ondui teti at  Ilattelle,   this topic   has 
been treated   in deUllU)*,     The  objective  o( Ihr 
present report  it to provide- useful  infurmalion 
about current  practice  that could be appliiablr  lo 

"^■c-   Mr frlnu r   x-. J li'ii. 
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Since the   resistance  ihange due to utrain 
is  usually quite  small,    it   is  necessary to use 
r< e n s 111 v e e I e i I r i c a I  circuitry  t <> de t e c t I he te 
minoi  changes in resistance   ('I   The moil    urn- 
m on e lee trie a I circuit  used for thii purpose   is 
known as the   Wheatstone bridge       ligures 2-3 
and 2-4  illustrate  s. he matie ally the Wheatstone 
bridge  and  show hnw  strain gages are  useel to 
make  up the* bridge 

l.oad  Iransdueers  are   usually  designed  with 

a  elexree  nl  I e-in|>e ra I u re   e ompenialiein built   into 
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Strom gages 

Strain indicating 
instrument 

1 

I J 

FIGURE 2-3.    SCHEMATIC OK A FULL WHEATSTONE BRIDGE 

V - Excitation Voltage,   E = Output Voltage. 

o    o 
o    o 

I 1 
Strain indicating 
instrument 

O      O 

o    o 

FIGURE 2-4.    SCHEMATIC OF A HALF WHEATSTONE BRIDGE IN USING A STRAIN BAR 

V = ExciUtion VolUge,   E = Output VolUge. 

them.     Thi» it «ccompllthed by uamg tompt-n- 
»ating «train g«g*t which are ueually plat rd 
perpendicular to the itratn nieaaunng gagr*      A* 
• een in Figure 2-3,  the temperature tomp<rn- 
•ating gage« are alway« placed in Arme Hi and 
R4 and nullify the effect of temperature-cauard 
•train« in the gage« in Arm« Rl and KJ 

ll l« u«ually preferable to form a full Wheat- 
«tune bridge arrangentenl a« «een in Kigure 2 - S 

If,  however,  a full bridge arrangement >■ n<<l 
practical,  the «train gage« can be u«Fd to make 
up a half bridge,   with the other half of Ihr bridge 
• upplied a« part of the monitoring operation a« 
aho«n in Figure 2-4      Any number of identual 
• tram gagea tan be  uaed to form ihr arm« of the 
Whralalonc bridge      The four arm« muit,   how- 
ever,   be balamed (equal number of gagea in rai h 
arm) and the compenaaltng gagea mual be in 
Ann« Hi and R4 •«  «h«wn in  i igure i ■ \ 
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Load Measurement With Load Cells 

The most accurate load transducer is the 
load cell.    Most load cells include a load-carrying 
member that is designed so that the strain at the 
point where the gages are attached varies linearly 
with load,   Figure 2-2.'2)   The load cell must be 
calibrated  so that the resistance change of the 
strain gates can be related to load.     For use  in 
minitoring forging loads,   the load cell is usually 
placed under the tooling in a position to carry the 
full forging load.    The load cell is often used  in 
research and development studies  in forging where- 
accurate  load measurement is important. (4, 5) 
Usually,   however,   the accuracy obtainable with 
load cells  is not required,   and other simpler 
methods can be used for measuring load with 
useful accuracy. 

In the  present study a 3000-ton load cell was 
built and calibrated at the National Bureau of 
Standards.     The details of the design and the  cali- 
bration of this load cell are described in Appendix 
2 C. 

Load  Measurement Via Tooling Stresses 

Another approach to load measurement dur- 
ing forging  is to place strain gages on a strategic 
portion of the tooling.    This is a  particularly use- 
ful technique where symmetrical tooling is being 
used and where uniform loading of the tooling can 
be assumed.     In practical hot-forging operations, 
however,   it is not possible to apply strain gages to 
tooling because of the severe environmental con- 
ditions; thus,   some indirect method is necessaiy 
(or measuring loads. 

applied strain gages,  even at maximum tonnage. 
Excessive electrical interference could alter the 
output of directly applied strain gages.     In these 
instances,   strain bars may be  used to amplify 
the strain mechanical and to minimize external 
electrical interference. 

Strain bars are designed to give a mechan- 
ically induced strain amplification.     Figure 2-6 
illustrates a strain bar designed at Batteile for 
use in an earlier program. (' )    Strain bars are 
usually made of a high-strength material and de- 
signed so that strain,   where the gages are 
attached,   is anplified due to stress concentration. 
Thus,   the strain gages,   which are attached at 
the point of stress concentration,   will be sub- 
jected to a much larger strain than exists in the 
press frame.     This strain will still be propor- 
tional to the load in the press and will be easily 
measured.    Strain bars of various designs are 
available commercially (see Appendix 2-A). 

Another approach to load measurement 
using press-frame deflection involves fixing one 
end of a long bar at the top of the press frame. 
The other end of the bar  is free of the press and 
is at some location near the bottom of the press 
frame.    As load is applied,   the press frame 
strains and there will be relative movement be- 
tween the bottom end of the bar and the adjacent 
part of the press frame.     This movement is pro- 
portional to the load and strain in the frame,   and, 
when lalibrated,   can be used to monitor load. 
Most often,  dial indicators are used to read load 
directly.     However,   sensitive displacement trans- 
duiers could also be used to provide input lor 
recording devices. 

Load Measurement  Via  Press-Frame Deflection 
Load Measurement Via  Hydraulic  Pressure 

1'ress-frame deflection can be  used in a 
number of ways for determining the  load during a 
forging operation.     All of these techniques are 
based on the lact that the press frame must sup- 
port the entire forging load.     Inder  load     the 
press  frame  will  strain in proportion to the  load, 
and this   strain can be measured and used to  re- 
represent directly the magnitude of the  load 

The  c lassie al approai h to measuring  loads 
via  press  deflection involves steel bands that ex- 
tend from the bottom to the top of the  press     For 
protection,   the  bands are  usually  placed inside  of 
the hollow lie  rods of the press      Strain gages, 
attached to the bands,   reflect the  strain in the 
tie   rods and,   after calibiation,   the  load can be 
directly  obtained from this  strain. 

St rain gage s  can br altac hrd directly In the 
c olutims ol the  press frame and used to monitor 
forging  load      Irequenlly,   however,   the amount 
ol  strain  in the icilumni or  lie   rods  is  small and 
diHiculi  to inrascirr aciuratrly with directly 

In hydraulic   presses,   forging loads can be 
monitored by measuring the fluid pressure of the 
hydraulic   system.     The  pressure transducer  is 
usually located m some convenient position on the 
hydraulic   system where the  fluid pressure is 
identical  to that  of the main cylinder(8) of the 
press.     Neglecting cylinder  friction losses,   the 
fluid pressure will always be  proportional to the 
load.     However,   this method of measuring loads 
is  less accurate  than the others  described be- 
cause the cylinder friction losses may vary with 
lime and.   al high-speed operations,   vibrations 
in the hydraulic   system may distort  the  pressure 
measurements . 

(:alibration of  Load  Lransducers 

With all of the load - measuring techniques, 
it m ne< essary to obtain a i alibralion so thai the 
electrical output of the transducer (load cell. 
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F I G U R E 2 - 5 . STRAIN BAR A T T A C H E D TO P R E S S P O S T ON A P R O D U C T I O N 
M E C H A N I C A L P R E S S 

F i b e r g l a s s i n s u l a t i o n shown a t l e f t of p h o t o g r a p h w a s u s e d to c o v e r the s t r a i n 
b a r s to m i n i m i z e t e m p e r a t u r e f l u c t u a t i o n s . 
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strain bar,   or pressure transducer) can be di- 
rectly related to the load.    When the Wheatstone 
bridge is used,  application of load will cause the 
bridge to become unbalanced and result in a small 
output voltage.    Since this output voltage is pro- 
portional to the strain in the load transducer and 
to the load in the press,   it is plotted as a function 
of load and serves as the calibration record. 
Figure 2 -6. 

Press Lood, tons -•- 

FIGURE 2-6.    ILLUSTRATION OF CALIBRA- 
TION PLOT WHERE WHEA.TSTONE BRIDGE 
OUTPUT DETERMINES PRESS LOAD 

The most direct and best approach to cali- 
bration is to load the press against a precalibrated 
load cell and then relate a maximum load to maxi- 
mum output of the Wheatstone bridge.    It is 
assumed that a linear relationship e.vists between 
the output of the transducer and the applied loads. 
(This linear relationship should be a basic re- 
quirement of any load-measurement system used. ) 
Thus,   calibration at a single load can be used 
although it is good practice to verify the linearity 
of the measuring system by determining the trans- 
ducer output at a number of loads. 

Load cells to about 750 tons are catalog 
items and can be purchased without difficulty (see 
Appendix T -A).    When a large press is to be 
calibrated,   it is sometimes possible to place two 
or more load cells,   of the same height,   in the 
press and add the tonnage measured by each of 
the load cells.    This total load will be accurate 
and can be related to the bridge output voltage to 
serve as the calibration for the press load 
transducers. 

Special care is required in calibrating me- 
chanical presses in order to prevent the possi- 
bility of blocking.    A mechanical press has a 
fixed stroke and cannot be loaded incrementally. 
Therefore,   the calibration,  for example of strain 
bars attached on press frame,  is conducted as 
follows.    The load cell is placed upon the lower 
platen and the ram is brought to its bottom-dead- 
center (BDC) position.    The space between the 
load cell and the ram is filled with spacers or 

shims.    Before each following stroke,  additional 
shims are placed on the load cell so that the press 
load is increased gradually from one stroke to the 
next.    Thus,  the load is measured after each 
stroke and the overloading,   or blocking,  of the 
press is prevented. 

The second technique that can be used for 
forging-press calibration involves upsetting 
copper samples of known flow-stress character- 
istics.    Copper was originally selected by German 
researchers,  because of its uniformity and avail- 
ability for measuring the available energy in 
forging machines. (6)   This technique,   further 
developed at BatteUe(l) in Phase I of the present 
program,  was found to be sufficiently accurate. 
The preferred approach when using this tech- 
nique is tu select copper samples from a lot 
(preferably from the same bar) that has been 
cast,   worked,  and heat treated together.     One of 
the samples can then be upset in a calibrated 
press equipped with strain bars or a load cell to 
determine the flow-stress curve for that lot of 
material.    It is usually sufficient to upset the 
material to about 50 percent.     Other pieces of 
the same lot are then upset together in the forg- 
ing press to be calibrated.     The load used should 
approach at least half the capacity of the press 
(this can be controlled by the number of pieces 
upset simultaneously); however,   the reduction 
should not exceed that obtained on the single 
sample upset in the calibrated press.     Based 
then on the reduction and on the flow stress curve 
of the material,   it is possible to determine the 
maximum load and to relate this single value to 
the maximum output of the load transducers dur- 
ing upsetting.    Assuming linearity of transducer 
output to load,   it is now possible to construct 
the calibration curve,   similar to that in Fig- 
ure 2-6,  for the press load measuring system. 
To verify the linearity it may be desirable to 
upset specimens to other press loads which will 
give a second data point ai. a different load and at 
different load-transducer  output. 

MEASUREMENT OF RAM DISPLACEMENT 

The three physical effects most commonly 
used to sense displacement in commercially 
available displacement transducers are resis- 
tance,   inductance,  and capacitance.    Available 
capacitance devices offer high displacement 
sensitivity, but they often require somewhat 
complicated associated instrumentation.    Resis- 
tance devices have disadvantages in maintaining 
linearity and must ordinarily rely on a stepping 
mechanism.    Displacement transducers based 
on inductance seem to offer the best combina- 
tion of operating characteristics for use in forg- 
ing applications. 
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Linear Variable Di/ferential Transformer (LVDT) 

The most common displacement transducer 
based on inductance is the linear variable differ- 
ential transformer (LVDT). 

An LVDT consists of a primary winding and 
two secondary windings as shown in Figure 2-7. 
The windings are arranged concentrically over a 
hollow mandrel which is usually of a nonmagnetic 
and insulated material.    A ferromagnetic sensing 
core is attached to the transformer shaft and 
slides freely within the hollow portion of the 
transducer.*''   The cross-sectional view of a 

Rrimory 
(Input) 

I |Secondary I 
(Output) 

Secondary 2 

FIGURE 2-7.    SCHEMATIC REPRESENTATION 
OF THE LVDTC) 

typical LVDT is shown in Figure 2-8.    When the 
LVDT is properly energized,   the  position of the 
core relative to a null or balance position produces 
a voltage proportional to the distance from that 
null position. 

f'«1   (»I twin«1 '*mfm*' ■'* Sfur» 

FIGURE 2-8.    CROSS-SECTIONAI, VIEW OF A 
TYPICAL SPRING-LOADED LVDT(8) 

The  LVDT has been found to be a dependable 
and accurate instrument for monitoring displace- 
ment.    Its usefulness stems largely from its 
linear response to displacement and is enhanced 
by the lack of contact between parts in its function, 
thereby minimizing deterioration by wear.     The 
single disadvantage of the LVDT is that it is 
usually limited to relatively short displacement 
(4-6 inches maximum). 

Potentiometric Displacement Transducers 

Potentiometric displacement transducers 
are based on variation of a resistance and usually 
involve a sliding cor.act that moves over the re- 
sistance element,  as shown in Figure 2-9. 

Sliding Contact 

rVVAA/WWWSMVWWWWWV- 

V      Resistance 
element 

FIGURE 2-9.    SCHEMATIC OF THE ELEC- 
TRICAL CIRCUITRY OF A RESISTANCE- 
BASED POTENTIOMETRIC DISPLACEMENT 
TRANSDUCER 

V      Excitation Voltage,   E = Output Voltage 

The sliding contact is mechanically linked to the 
moving press platen and thus moves in propor- 
tion to the platen displacement.     The output 
voltage is proportional to position of the sliding 
contact and,  when calibrated,   can be used to 
monitor displacement. 

Resistance displacement transducers with 
rotary potentiometers are available for monitor- 
ing displacement over a distance of several 
feet. 

High-Speed Photography 

Special displacement-measuring techniques 
such as high-speed photography must be used for 
forging in high-energy-rate machines and 
hammers.     Displacement transducers that rely 
on a mechanical link between the moving platen 
and the transducer are unreliable and easily 
damaged at high speed and under impact 
conditions. 

Although somewhat more expensive than 
displacement transducers discussed above,   the 
high-speed camera is simple in principle,  and it 
is accurate in measuring displacement.    Nor- 
mally,   the camera is focused to observe the 
moving press platen when the forging begins.    A 
measuring scale may be placed in the camera 
view so that the edge of the platen acts as a posi- 
tion marker on the scale.     Then,  at each frame 
the advance of the platen can be noted and,   since 
the camera takes a fixed number of frames per 
second,   it is a simple matter to convert the 
platen advance to a plot of position versus time. 
This plot will be similar to the record of output 
obtained from the transducers,  and it can be 
used to determine velocity,   contact time,  dwell, 
and other parameters. 
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Calibration of Displacement Transducers 

All of the displacement measuring trans- 
ducers must be calibrated so that the output of the 
transducer can be accurately related to displace- 
ment.    Displacement transducers are usually 
calibrated each time the monitoring equipment is 
set up.    It is most convenient to relate a fixed dis- 
placement at the transducer with a galvanometer 
deflection,  pen or light beam movement,  at the 
monitoring or recording equipment. 

A simple example can be used to illustrate 
the calibration of a displacement transducer. 
Assume that an LVDT is being used to munitor 
the platen displacement in a forging press.     First, 
the  LVDT should be placed so that the core moves 
with the upper platen.     Care should be taken so 
that the transducer output is proportional to platen 
displacement during forging.    (Output of an LVDT 
may not be proportional to core movement when 
llie core moves outside of the linear range for 
which the LVDT was designed. )   If an oscillograph 
is being used for recording,   the galvanometer 
driven pen,   or light beam,   should be adjusted so 
that it registers near the zero on the chart.     The 
core of the LVDT should be moved upward some 
exact  distance,   for example,    1 inch.    Motion of 
the oscillograph marker will then occur and the 
gain on the LVDT signal-conditioning equipment 
can be adjusted to control the amount of pen or 
light-beam motion or sweep.     It is thus possible to 
obtain a  1-inch sweep on the oscillograph chart 
for a  1 -inch motion of the transducer core.    If 
greater resolution of the displdcement is needed, 
the gain can be adjusted so that a larger chart 
displacement is obtained (the ratio of chart sweep 
to ram displacement may be 5 to 1 or more). 

Obtaining a precise  1 -inch movement at the 
displacement transducer can be accomplished in a 
number of ways.    If the zero position is deter- 
mined with the upper and lower die faces or platen 
fully in contact,   precision-ground 1-inch plates 
or spacers can be placed between them to obtain 
an exact 1-inch displacement.    It is also possible 
to obtain mechanical devices which can be used 
with LVDT's to control precisely the core move- 
ment and thus assist in calibration. 0) 

MEASUREMENT OF OTHER PROCESS VARIABLES 

Velocity 

Velocity-measuring transducers are most 
often of the generator type,   in which linear or 
angular velocity is converted to d-c voltage.    A 
common type linear velocity transducer has a 
coil in a stainless steel housing and a coaxial 
cylindrical permanent magnet core attached to a 

motion-sensing shaft.    The magnetic core moves 
freely within the coil via its attachment to the 
moving press platen.    The voltage output from 
the coil in this transducer is linear with the 
velocity of the core.    These devices have the 
disadvantage of a limited linear range. 

Velocity can also be determined by differ- 
entiating a displacement-versus-time curve with 
respect to time.    This can be done either me- 
chanically or electronically,  or by graphically 
evaluating the dipplacement-versus-time record- 
ing of an oscillograph. 

Acceleration 

In general, acceleration is measured by a 
spring mass system with the spring fixed to the 
case of the instrument which is,  in turn,  attached 
to the structure whose acceleration is to be 
measured.    For forging processes,   it is usually 
adequate to calculate the acceleration by double 
differentiation of displacement with respect 
to time. 

Ener gy 
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It is important to determine the energy 
consumed in a forging process since proper use 
of forging equipment is based in part on the 
ability of equipment to deliver the necessary 
energy.     The determination is also useful since 
a comparison of energy consumed by the process 
and energy lust by the forging press will reveal 
the efficiency of that particular forging press. 

Consumption of energy by a forging process 
cannot be measured directly.    It is usually de- 
termined by making a plot of load and displace- 
ment,   similar to that shown in Figure 2-1,  and 
then calculating the area within the curve.    This 
area in terms of foot-pounds,  will be an accurate 
representation of the energy consumed by the 
forging process. 

The energy lost by the forging press must 
also be calculated.    For mechanical presses, 
this energy is usually determined on the basis of 
loss of velocity of the flywheel.    Prior to forging, 
the flywheel of the press is turning at a constant 
angular velocity and its velocity and inertia de- 
termine the amount of energy stored by the 
flywheel.    Upon completion of the forging opera- 
tion,  the flywheel velocity and the residual energy 
in the flywheel will have been reduced.     The 
difference between the initial stored energy and 
the residual energy after the forging operation ia 
the energy consumed (a) to carry out the forging 
process and (b) to overcome friction and inertia 



losses in the ma~hine. These energy character- 
istics of various forging machines have been ex- 
tensively reviewed in Phase I of this program. U) 

RECORDING INSTRUMENTS 
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the full width of the chart for all channels.    Thus 
greater resolution of the recorded data is usually 
possible with the light-beam oscillograph.    Fig- 
ure 2-10 illustrates schematically the operating 
principle of the light-beam oscillograph. 

The instrumentation for measuring and 
recording forging parameters must be properly 
suited to the work being conducted.    It should be 
able to reproduce the output signal of the partic- 
ular transducer as accurately as is needed within 
the limitations of the transducer.    The first 
criterion in selecting the type of voltage-measuring 
instrumentation is adequate frequency response. 
Forging, because it is a dynamic operation,  can- 
not make use of null-balance type of measuring 
equipment.  It is,  thus,   necessary to use 
galvanometer-based osc'ilographs.    In this 
category,  the two general classes of recording 
instruments are the galvanometer-driven pen 
oscillograph and the light-beam oscillograph in 
which a galvanometer-driven mirror reflects a 
light beam onto light sensitive paper (Figure 2-10). 

FIGURE 2-10.    SCHEMATIC OF THE LIGHT- 
BEAM OSCILLOGRAPH 

The pen recorder is limited to a frequency 
of about 40 Hz because of the relatively large 
mass of the pen that must be driven by a galva- 
nometer.    The light-beam oscillograph can be 
used to a frequency of 2000 Hz since the galva- 
nometer must drive only a mirror whose mass 
can be quite small. 

The selection of a recording instrument can 
depend on a number of factors.   As mentioned 
above,  the frequency response of the two instru- 
ments varies considerably and for events which 
cannot be adequately captured at 40 Hz (where a 
significant development may occur within a time 
space of 0. 02 5 second),   it will be necessary to 
use the faster light-beam oscillograph.    Unlike 
the pen recorder, the light-beam recorder uses 

SUMMARY 

Determination of process variables is nec- 
essary for efficient use of forging equipment and 
improvement of an existing forging process.   The 
most important variables are the load and energy 
required by the forging process,  and it is imper- 
ative that the forging press deliver adequate 
load and energy to carry out the process.    Effi- 
cient use of forging equipment is based on maxi- 
mum utilization of its capabilities without exceed- 
ing its design limits. 

Usually,  measurement of load and displace- 
ment is adequate for determination of the process 
variables.    Displacement can be monitored using 
either a potentiometric displacement transducer 
or a linear variable differential transformer 
(LVDT).    The LVDT seems to offer the best 
combination of operating characteristics for most 
press-forging operations.    In hammer or in 
high-energy-rate forging,  high-speed photography 
in the most practical method of measuring dis- 
placement.    Load is most conveniently measured 
by using strain bars that detect press-frame 
deflections when attached to the press columns. 

Devices are available for monitoring ram 
velocity.    However,  it is usually adequate to 
differentiate the displacement with respect to 
time.    Similarly, acceleration can also be deter- 
mined by the double differentiation of displace- 
ment with respect to time. 

Next t ^ loi.d,  energy is the most important 
process vari« Sie in forging and it cannot be 
directly measured.    It is usually determined from 
the area under kad-versus-displacement plot 
obtained from a forging experiment. 

In order to facilitate the purchase and the 
use of forging press instrumentation,  a partial 
list of instrumentation suppliers is given in 
Appendix 2A,  while typical forging instrumen- 
tation is described,  as an example,  in 
Appendix 2B. 
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APPENDIX 2A 

INSTRUMENT AND TRANSDUCER MANUFACTURERS 

This appendix includes a partia' list of manu- 
facturers of the various transducers and instru- 
ments discussed in this report.    The list is by no 
means complete and it should not be considered a 
list of recommended manufacturers.    It is merely 
offered in hopes that it will assist in purchasing 
monitoring instrumentation.    A more complete 
listing of transducers,  their specifications and 
manufacturers is contained in the ISA Trans- 
ducer Compendium. (9) 

Load Cells (250 tons and larger) 

Transducers Inc. 
11971 East Rivera Road 
Santa Fe Springs,   California   90670 

Morehouse Instrument Company 
1742 Sixth Avenue 
York,  Pennsylaniva    17403 

Lebow Associates,  Inc. 
1728 Mapletown Road 
Troy,  Michigan   48084 

Strain Bars 

GSE Incorporated 
3067 5 West Eight Mile Road 
Livonia,   Michigan   48152 

LeBow Associates,  Inc. 
1728 Mapletown Road 
Troy,   Michigan   48084 

Displacement Transducers (LVDT) 

Daytronic Corporation 
2875 Culver Avenue 
Dayton,   Ohio   45429 

Schaevitz Engineering 
U.   S.   Route  130 and Union A-enue 
Pennsauken,   New Jersey 

Hewlett-Packard 
Waltham Division 
17 5 Wyman Street 
Waltham,  Massachusetts   02154 

Asea Electric,  Inc. 
400 W.  Madison Street 
Chicago,  Illinois   60606 

GSE Incorporated 
30675 West Eight Mile Road 
Livonia,  Michigan   48152 

Transducer Technology,  Inc. 
74 Eastern Boulevard 
Glastonbury,   Connecticut   06033 

G.   L.   Collins Corporation 
5875 Obispo Avenue 
Long Beach,   California   90805 
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Displacement Transducers (Potenticmetric) 

Bourns,  Inc. 
6135 Magnolia Avenue 
Riverside,   California   92 506 

Computer Instruments Corporation 
92 Madison Avenue 
Hempstead,   L.  I.,   New York    11550 

Servonic Instruments 
Division of Gulton Industries 
1644 Whittier Avenue 
Costa Mesa,  California 

Research,  Inc. 
P.  O.   Box 6164 
Minntapolis,   Minnesota 

Recorders and Signal Conditioning Equipment 

Brush Instruments Division 
Gould Inc. 
3631  Perkins Avenue 
Cleveland,   Ohio   44114 

Century Electronics and Instruments,  Inc. 
6 540 East Apache Street 
Tulsa,   Oklahoma   74115 

Hewlett-Packard 
Waltham Division 
175 Wyman Street 
Waltham,   Massachusetts    02154 

B LH Electronics,  Inc. 
42 Fourth Avenue 
Waltham,   Massachusetts    02154 

Honeywell,   Inc. 
2701 4th Avenue South 
Minneapolis,   Minnesota    55408 

APPENDIX 2B 

TYPICAL FORGING INSTRUMENTATION 

Figure 2B-1 shows the block diagram of an 
instrumentation setup used on a forging press. 
Most important is the load-monitoring strain 
bridge which,   in many cases,   may be the only 
instrumentation necessary.    The other instrumen- 
tation shown may be added as required. 

Strain 
bridge 

Signal 
conditioner 

\ 

> 

Recorder 

(LVDT) 
Demodulator 
signal 
conditioner 

/// 
Displacement 
transducer 
(LVDT) 

// 
// /        / 

Velocity 
transducer 
(angular or linear) 

Contact-time 
micros* itch 

FIGURE 2B-1.    BLOCK DIAGRAM OF AN 
INSTRUMENTATION SETUP 

Below is a discussion of each of the blocks 
for a more complete understanding of the instru- 
mentation arrangement. 

Strain Bridge - Regardless of the load 
transducer used it will very likely be constructed 
using strain gages in either a half- or full- 
Wheatstone-bridge arrangement. 

Signal Conditioning - Assuming that a full- 
or half-bridge arrangement exists in the load 
transducer,   the signal conditioning equipment 
will excite the bridge and amplify the bridge out- 
put fcr the  recorder.    When a peak meter is 
used,  the excitation,  amplification and the meter 
may be contained in the same instrument. 

Displacement Transducer - Signal condi- 
tioning for the displacement transducer will vary 
depending on the type of transducer.    When a 
LVDT is used,  it is necessary to excite it with 
2-10 volts ac at 60 to 10, 000 cps.     The output o 
the LVDT usually must be demodulated and 
amplified for recording.    Again the excitation 
and demodulation is usually carried out in a 
single instrument designed for this purpose. 

Angular Velocity - Most velocity devices 
are u{ the self-generating type and,  thus,  do not 
require excitation.    The velocity transducers 
usually generate a d-c voltage that is proportional 
to the velocity and may be used as direct input to 
the recorder. 

Contact Time - Contact time can be easily 
'IQletermined using a microswitch.     The switch 
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should be placed so that fine adjustment can be 
made in its position and contact time can be deter- 
mined accurately.    Almost any excitation can be 
used including d-c dry-cell batteries.    The excita- 
tion should be large enough to drive the recording 
galvanometer to an easily read deflection. 

Interpretation of Recorded Data 

Figure 2B-2 illustrates,   in an abbreviated 
form, a possible tracing from a light-beam 
oscillograph obtained using instrumentation on a 
mechanical press.    Recorded on the oscillograph 
are flywheel velocity,  displacement,  load and 
die-contact time.    Also on Figure 2B-2 several 
significant events are noted.    The significance of 
these events is discussed below. 

Prior to t,  the reference position for fly- 
wheel velocity and load are recorded.    These 
positions represent maximum flywheel velocity 
and zero load and,  at later positions on the chart, 
the flywheel vtlocity and load can be determined 
as a function of distance from this reference 
position. 

At tj the downstroke of the ram begins and 
some energy is lost from the flywheel due to 
inertia and friction in the press.    From t, to t2 
the energy losses are rather modest since the 
actual forging has not begun. 

From t^ to t3 the forging is completed as 
indicated by the rapidly increasing load that 
peaks at 13.     Flywheel velocity continues to 
decrease through this time period indicating that 
energy is being lost to the forging process.    The 
bottom-dead-center (BDC) position of the ram 
is reached at 13 (as illustrated by the displace- 
ment tracing and by the peak load). 

Energy continues to be lost from the fly- 
wheel until the t4 position is reached.    This is 
well after the BDC position and after the com- 
pletion of the forging.    The extra energy loss 
results from the effect of the inertia of the fly- 
wheel,  and of the heavy ram which was in the 
down position and had to be accelerated upward. 
Recovery of the flywheel to its original speed 
and energy begins at 14 and is completed at tg. 

Time After Start 

FIGURE 2B-2.    TYPICAL LIGHT-BEAM OSCILLOGRAPH RECORDING 

Note:   ti  - Beginning of ram downstroke 
t2 - Contact of upper die with forging-forging start 
13 - Bottom dead center (BDC) - forging completed 
t4 - Lowest flywheel velocity 
t5 - Return of flywheel to normal velocity-energy restored. 

39 



2 - 1 3 

A P P E N D I X 2C 

DESIGN AND C A L I B R A T I O N O F A 
3 0 0 0 - T O N L O A D C E L L 

S o m e of the w o r k in t h i s p r o g r a m w a s to be 
c o n d u c t e d in p r o d u c t i o n f o r g i n g p r e s s e s in the 
p l a n t s of f o r g i n g m a n u f a c t u r e r s . S i n c e , in t h i s 
w o r k , the m e a s u r e m e n t s of l o a d s and d i s p l a c e -
m e n t s w e r e r e q u i r e d , it w a s n e c e s s a r y to a t t a c h 
t r a n s d u c e r s t o the p r e s s to m o n i t o r t h e s e p a r a -
m e t e r s . P r i o r t o u s e , the load t r a n s d u c e r s m u s t 
b e c a l i b r a t e d s o t h a t the e l e c t r i c a l ou tpu t of the 
t r a n s d u c e r s c#n be r e l a t e d to f o r g i n g l o a d . ' T h i s 
c a l i b r a t i o n c a n be m o s t e f f e c t i v e l y a c c o m p l i s h e d 
by load ing the p r e s s a g a i n s t a load c e l l w h o s e 
e l e c t r i c a l o u t p u t - l o a d r e l a t i o n s h i p i s known . 

- &5 Do 

L o a d c e l l s in the s i z e s r e q u i r e d f o r t h i s 
p u r p o s e a r e no t g e n e r a l l y a v a i l a b l e . It w a s a l s o 
d e t e r m i n e d , a f t e r c o n t a c t i n g s e v e r a l m a n u -
f a c t u r e r s , t h a t a l a r g e l oad c e l l m i g h t be p u r -
c h a s e d on a s p e c i a l - o r d e r b a s i s but t h a t the, c o s t 
would bp p r o h i b i t i v e . It w a s t h e n d e c i d e d to d e -
s ign and bui ld a load c e l l a t B a t t e l l e w h i c h would 
be a d e q u a t e f o r f o r g i n g p r e s s c a l i b r a t i o n r e -
q u i r e d in t h i s p r o g r a m . , 

D e s i g n 

M o s t l o a d - s e n s i n g d e v i c e s e m p l o y e l e c t r i -
c a l s t r a i n g a g e s w h o s e r e s i s t a n c e c h a n g e s when 
s t r a i n e d . When the g a g e s a r e c o n n e c t e d in a 
W h e a t s t o n e b r i d g e a r r a n g e m e n t and p r o p e r l y 
e n e r g i z e d , the c h a n g e in r e s i s t a n c e i s r e f l e c t e d 
in a v o l t a g e ou tpu t f r o m tfte i n i t i a l l y b a l a n c e d 
b r i d g e . T h e v o l t a g e ou tpu t i s p r o p o r t i o n a l ' t o the 
s t r a i n in the s t r a i n g a g e s and to the s t r e s s in the 
m e m b e r to w h i c h the gage i s a t t a c h e d . ' S i n c e the 
ou tpu t is p r o p o r t i o n a l to the s t r e s s in the l o a d e d 
m e m b e r , i t i s i a l s o p r o p o r t i o n a l to the l o a d , and 
the d e v i c e c a n b e c a l i b r a t e d s o t h a t ou tpu t i s r e a d 
d i r e c t l y a s l o a d . 

T h e load c e l l b u i l t in t h i s p r o g r a m w a s to 
be u s e d in a n u m b e r of p r e s s e s , i n c l u d i n g t h o s e 
hav ing s m a l l s h u t h e i g h t s . T h e r e f o r e , i t w a s 
d e c i d e d to c o n s t r u c t a load c e l l w i th a m i n i m u m 
p o s s i b l e h e i g h t . H o w e v e r , l o w - p r o f i l e load c e l l s 
a r e u n d e s i r a b l e s i n c e t h e y n o r m a l l y do no t have 
a l i n e a r e l e c t r i c a l r e s p o n s e wi th l o a d . One 
i n v e s t i g a t o r , (10) w h o a l s o d e s i r e d to bui ld a 
m i n i m u m - h e i g h t load c e l l , s h o w e d t h a t a r ing 
c o n f i g u r a t i o n w a s m o r e s u i t a b l e t h a n a so l id d i s k 
f o r m i n i m i z i n g the n o n l i n e a r i t y e f f e c t s . It w a s 
on t h i s b a s i s t h a t i t w a s d e c i d e d to bu i ld the load 
c e l l s h o w n in F i g u r e 2 C - 1 . 

F I G U R E 2 C - 1. S C H E M A T I C O F T H E L O A D C E L L 
D E S I G N E D A N D B U I L T IN THIS P R O G R A M 

F o r g e d AISI 4340 s t e e l r i n g s w e r e u s e d f o r 
the load c e l l . T h i s m a t e r i a l Was h e a t t r e a t e d t o 
a h a r d n e s s of R c 3 8 - 4 0 s o tha t r e l a t i v e l y h igh 
s t r e s s lev,els cdu ld be u s e d and the w e i g h t of the 
c e l l would be m i n i m i z e d . A t t h i s h a r d n e s s l e v e l , 
the m a t e r i a l h a s a y i e ld s t r e n g t h of a b o u t 150, 000 
to 160, 000 p s i ; i t c a n be u s e d a t t he d e s i g n s t r e s s 
of 6 0 , 0 0 0 p s i ( f o r 3000 tons) and s t i l l have a s a f e 
o v e r l o a d c a p a c i t y of 100 p e r c e n t . (A m a t e r i a l 
w i th a y i e l d s t t f e n g t h o f 1 5 0 , 0 0 0 p s i wi l l a c t u a l l y 
b e g i n to d e f o r m s l i g h t l y a i a s t r e s s s o m e w h a t 
b e l o w th6 y i e l d s t r e n g t h . H o w e v e r , it is no t 
e x p e c t e d t h a t the s t r e s s a t w h i c h d i s t o r t i o n b e g i n s , 
p r o o f s t r e s s , wi l l be b e l o w 1 2 0 , 0 0 0 p s i . 

Eiyl p l a t e s w e r e d e s i g n e d s o t h a t the end load 
could be d i s t r i b u t e d o v e r a l a r g e r a r e a , T h u s , 
the load c e l l cou ld b e u s e d on m i l d - s t e e l p r e ' s s 
p l a t e n s and the m a x i m u m c o m p r e s s i v e s t r e s s 
would be a b o u t 2 0 , 0 0 0 p s i . T o m i n i m i z e the 
p o s s i b i l i t y of e c c e n t r i c l o a d i n g , the load ce l l and 
the end p l a t e s w e r e m a n u f a c t u r e d wi th c l o s e 
t o l e r a n c e s to m a i n t a i n the p a r a l l e l i t y of the top 
and : b o t t o m s u r f a c e s . . 

S t r a i n g a g e s w e r e p l a c e d a t e i g h t l o c a t i o n s 
a r o u n d the o u t s i d e s u r f a c e of the r i n g - s h a p e d 
l bad c e l l . T h e g a g e s w e r e w i r e d s u c h t h a t the 
t o t a l ou tpu t of the load c e l l r e p r e s e n t an a v e r a g e 
v a l u e of the i n d i v i d u a l o u t p u t s r e g i s t e r e d a t the 
e i g h t d i f f e r e n t l o c a t i o n ^ . T h u s , the m e a s u r e d 
s t r e s s would be an a v e r a g e of the s t r e s s e s a t a l l 
of the e i g h t l o c a t i o n s and the e f f e c t s of n o n s y m -
m e t r i c l oad ing would be m i n i m i z e d . T w o s t r a i n 
g a g e s w e r e m o u n t e d a t e a c h l o c a t i o n ; one g a g e t o 
m e a s u r e the c o m p r e s s i v e s t r a i n and, the o t h e r to 
c o m p e n s a t e f o r t e m p e r a t u r e c h a n g e s and P o i s s o n ' s 
e f f e c t . 
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A s shown in F i g u r e 2 C - 2 , two W h e a t s t o n e 
b r i d g e s w e r e w i r e d f r o m the g a g e s a t t a c h e d to the 
load c e l l . T h e a r m s of e a c h b r i d g e w e r e m a d e u p 
of two s t r a i n g a g e s c o n n e c t e d in s e r i e s . T h e two 
b r i d g e s w e r e c o n n e c t e d in p a r a l l e l ; t h u s , w i t h 
3 5 0 - o h m s t r a i n g a g e s , a n o m i n a l r e s i s t a n c e of 
350 o h m s w a s o b t a i n e d a c r o s s e a c h a r m of the 
c o m p l e t e d b r i d g e . 
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F I G U R E 2 C - 2 . S C H E M A T I C O F T H E S T R A I N -
GAGE L A Y O U T ON T H E 3 0 0 0 - T O N L O A D C E L L 
D E S I G N E D AND B U I L T IN THIS P R O G R A M 

B r i d g e s 1 and 2 a r e w i r e d in p a r a l l e l to c o m p l e t e 
the e l e c t r i c a l d e s i g n . 

C a l i b r a t i o n 

T h e load c e l l w a s c a l i b r a t e d in the 12-
m i l l i o n - p o u n d t e s t i n g m a c h i n e of T h e N a t i o n a l 
B u r e a u of S t a n d a r d s . T h i s m a c h i n e i s h y d r a u l i -
c a l l y o p e r a t e d and the a c c u r a c y of the a p p l i e d 
l o a d s is w i th in 0 . 5 p e r c e n t . 

P r i o r to the a c t u a l c a l i b r a t i o n , the load c e l l 
w a s l o a d e d s e v e r a l t i m e s to a t o n n a g e a b o u t 10 
p e r c e n t g r e a t e r t h a n i t s d e s i g n l i m i t . T h e p u r -
p o s e of t h i s o v e r l o a d i n g w a s to i n s u r e t h a t the 
top and b o t t o m p l a t e s of the load c e l l w e r e we l l 
s e a t e d and to s t r a i n the g a g e s beyond the m a x i -
m u m t h a t t hey would be s u b j e c t to in s e r v i c e . 
T h u s , i t cou ld be e x p e c t e d t h a t , hav ing b e e n 
l o a d e d to t h i s h igh l e v e l , the ou tpu t of the load 
c e l l shou ld be c o n s i s t e n t f r o m one t r i a l to a n -
o t h e r . 

T o c a l i b r a t e , the r e s i s t i v e u n b a l a n c e in the 
s t r a i n g a g e b r i d g e w a s m e a s u r e d a s the r a t i o of 
the d - c ou tpu t v o l t a g e to the input v o l t a g e . T h e 
r a t i o m e a s u r e m e n t s w e r e m a d e w i t h G i l m o r e 
M i l l i v o l t p e r Vol t I n d i c a t o r No . 4751 . T h e un-
c e r t a i n t y a t t r i b u t e d t o the G i l m o r e i n s t r u m e n t 
w a s e s t i m a t e d to be l e s s t h a n 0 . 0 0 1 m i l l i v o l t p e r 
vo l t . 

T h e load c e l l w a s l o a d e d s e v e r a l t i m e s to 
i t s 6 , 0 0 0 , 0 0 0 - p o u n d c a p a c i t y . T h e f i r s t l oad ing 
w a s done to e x e r c i s e the load c e l l and to v e r i f y 

the b r i d g e ou tpu t u n d e r no l o a d . T h e n the load 
c e l l w a s c a r e f u l l y l o a d e d and ou tpu t m e a s u r e m e n t s 
w e r e r e c o r d e d a t 4 0 0 , 0 0 0 - p o u n d i n c r e m e n t s . 
T h u s , 15 d a t a p o i n t s w e r e o b t a i n e d d u r i n g e a c h of 
the two c a l i b r a t i o n r u n s . A f t e r t h e s e c o n d c a l i -
b r a t i o n r u n , the load c e l l w a s a g a i n c y c l e d t o 
v a r i o u s l o a d s and da t a r e c o r d e d . A p l o t of r e p r e -
s e n t a t i v e d a t a o b t a i n e d in t h i s c a l i b r a t i o n i s s h o w n 
in F i g u r e 2 C - 3 . 

F I G U R E 2 C - 3 . R E P R E S E N T A T I V E C A L I B R A -
TION DATA O B T A I N E D A T T H E N A T I O N A L 
B U R E A U O F S T A N D A R D S 

When s e t t i n g u p i n s t r u m e n t a t i o n f o r u s e w i t h 
a load c e l l , i t i s h e l p f u l t o be a b l e to a r t i f i c i a l l y 
i n d u c e a n ou tpu t of the load c e l l f o r a s p e c i f i c 
l o a d . T h i s i s e a s i l y done by s h u n t i n g a r e s i s -
t a n c e a c r o s s a n a r m of the b r i d g e c o n t a i n i n g the 
c o m p e n s a t i n g s t r a i n g a g e s . T h e ou tpu t f r o m the 
b r i d g e wi l l v a r y i n v e r s e l y w i t h t he s i z e of the 
r e s i s t a n c e , and it i s p o s s i b l e t o d e t e r m i n e a 
c a l i b r a t i o n s h u n t f o r a s p e c i f i c l o a d . A d e c a d e 
box w a s u s e d a s the r e s i s t a n c e s h u n t and the 
b r i d g e ou tpu t m o n i t o r e d on a m i l l i v o l t p e r vo l t 
m e t e r . T h e d e c a d e box w a s a d j u s t e d u n t i l the 
ou tpu t f r o m the c e l l c o r r e s p o n d e d to t h a t f o r a 
s p e c i f i c l o a d . T h e s h u n t r e s i s t a n c e t h a t s i m u -
l a t e d the ou tpu t a t 6 , 0 0 0 , 0 0 0 p o u n d s load w a s 
d e t e r m i n e d to be 34 , 700 o h m . 

S i n c e the shun t r e s i s t a n c e wi l l v a r y in-
v e r s e l y w i t h the l o a d , i t c a n b e d e t e r m i n e d f o r 
any load by u s i n g a s i m p l e l i n e a r r e l a t i o n s h i p . 
H e r e , the r e l a t i o n s h i p would be a s f o l l o w s : 

SH 
(6, 000 , 000) (34 , 700) 

L 
2 . 0 8 x 10 

.1 1 

w h e r e R = S h u n t r e s i s t a n c e f o r a g iven load L 
S H 

= L o a d in p o u n d s . 
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3 - 1 
MECHANICAL PRESSES AND SCREW PRESSES FOR CLOSED-DIE 

FORGING: DESIGNS, APPLICATIONS. AND COMPARISONS 

by 

T. Altai), J. R. Douglas, ami R. J. Fiorentino 

A B S T R A C T 

The design and the kinematics of mechanical and screw presses are dras-
tically different. The application of each type of press for a specific forging 
operation and its optimum use requires a thorough understanding of the equipment 
characteristics. This report reviews the various types of screw and mechanical 
presses, the maximum available capacities, and the new developments in design. 
The characteristics of both types of presses are compared in terns of load and 
energy, time dependent parameters, and forging tolerances. This discussion in-
dicates that each type of machine has its specific optimum field of application 
depending on the type, dimensions, production volume, and material of the parts 
forged. 

I N T R O D U C T I O N T H E M E C H A N I C A L P R E S S 

T h e m e c h a n i c a l p r e s s wi th c r a n k o r e c c e n -
t r i c d r i v e h a s p r o v e d to be a n e f f i c i e n t and v e r s a -
t i l e m a c h i n e a n d , n e x t to h a m m e r s , is the m o s t 
w i d e l y u s e d e q u i p m e n t f o r c l o s e d - d i e f o r g i n g in* 
t he Un i t ed S t a t e s . The s c r e w (or p e r c u s s i o n ) 
p r e s s is u s e d in t h i s c o u n t r y f o r f o r g i n g and 
c o i n i n g by only a few c o m p a n i e s . In t h e E u r o p e a n 
f o r g i n g i n d u s t r y , s c r e w p r e s s e s a r e m o r e w i d e l y 
known and t h e i r a p p l i c a t i o n in c l o s e d - d i e f o r g i n g 
of f e r r o u s and n o n f e r r o u s a l l o y s i s i n c r e a s i n g 
s t e a d i l y . In s o m e s h o p s , t he s c r e w p r e s s i s r e -
p l a c i n g h a m m e r s O and in o t h e r s it c o m p e t e s 
s t r o n g l y wi th m e c h a n i c a l p r e s s e s . A s t a t i s t i c a l 
s u r v e y m a d e in I960 in W - G e r m a n y s h o w e d t h a t , 
in f o r g e s h o p s wi th a m o n t h l y p r o d u c t i o n l a r g e r 
t h a n 1000 m e t r i c ton (1, 120 U. S. ton ) , the s c r e w 
p r e s s w a s , a f t e r the h a m m e r , t he m o s t c o m m o n 
m a c h i n e a n d r e p r e s e n t e d 12. 5 p e r c e n t of a l l m a -
c h i n e r y u s e d in a f o r g e s h o p . (2) Whi le no m a j o r 
s u p p l i e r s of s c r e w p r e s s e s a r e in t he U. S. , a p -
p r o x i m a t e l y a d o z e n c o m p a n i e s a r e m a n u f a c t u r i n g 
s c r e w p r e s s e s in E u r o p e . 

T h e c a p a b i l i t i e s and the a p p l i c a t i o n s of 
m e c h a n i c a l p r e s s e s , h a m m e r s , a n d u p s e t t e r s 
a r e w e l l known in t he U. S. , bu t we h a v e r e l -
a t i v e l y l i t t l e e x p e r i e n c e a n d p r a c t i c a l i n f o r m a -
t ion on s c r e w p r e s s e s . P l a n s f o r n e w i n v e s t -
m e n t , m o d e r n i z a t i o n , a n d a u t o m a t i o n in f o r g i n g 
i n d u s t r y r e q u i r e a t h o r o u g h k n o w l e d g e a n d c o n -
s i d e r a t i o n of t he t e c h n i c a l a n d e c o n o m i c a s p e c t s 
of a l l t y p e s of e q u i p m e n t . It i s , t h e r e f o r e , u s e -
f u l a n d t i m e l y to d i s c u s s the c h a r a c t e r i s t i c s and 
t h e u s e of s c r e w a n d m e c h a n i c a l p r e s s e s . F o r 
t h i s p u r p o s e t he b a s i c p r i n c i p l e s of bo th f o r g i n g 
m a c h i n e s a r e c o n s i d e r e d wi th r e s p e c t t o h o t -
c l o s e d - d i e f o r g i n g . It s hou ld be n o t e d , h o w e v e r , 
t h a t bo th m a c h i n e s a r e a l s o u s e d f o r co ld f o r g i n g 
a n d co in ing o p e r a t i o n s . 

T h e d r i v e of m o s t m e c h a n i c a l p r e s s e s 
( c r a n k o r e c c e n t r i c ) i s b a s e d on the s l i d e r -
c r a n k m e c h a n i s m w h i c h t r a n s l a t e s r o t a r y in to 
r e c i p r o c a t i n g l i n e a r m o t i o n . The e c c e n t r i c 
s h a f t i s c o n n e c t e d t h r o u g h a c l u t c h a n d b r a k e 
s y s t e m d i r e c t l y t o the f l y w h e e l In d e s i g n s f o r 
l a r g e r c a p a c i t i e s t he f l y w h e e l i s l o c a t e d on the 
p in ion s h a f t w h i c h d r i v e s t he e c c e n t r i c s h a f t 
T h e c o n s t a n t c l u t c h t o r q u e (M) i s a v a i l a b l e a t 
t he e c c e n t r i c s h a f t w h i c h t r a n s m i t s the t o r q u e 
and the f l y w h e e l e n e r g y to t he s l i d e t h r o u g h the 
p i t m a n a r m , o r t he c o n n e c t i n g r o d , a s i l l u s -
t r a t e d in F i g u r e 3 - 1 . T h e f l y w h e e l s t o r e s 
e n e r g y t h a t i s u s e d on ly d u r i n g a s m a l l p o r t i o n 
of the c r a n k r e v o l u t i o n , n a m e l y d u r i n g 
d e f o r m a t i o n . 

R e c e n t d e v e l o p m e n t s in m e c h a n i c a l - p r e s s 
d e s i g n i n d i c a t e s a s t r o n g e m p h a s i s on (a) l a r g e 
c a p a c i t i e s , (b) i n c r e a s e d f o r g i n g a c c u r a c y u n d e r 
o n - and o f f - c e n t e r c o n d i t i o n s , a n d (c) h igh 
f o r g i n g s p e e d , not n e c e s s a r i l y in t e r m s of p r o -
d u c t i o n r a t e but r a t h e r in t e r m s of c o n t a c t t i m e 
a n d i t s e f f e c t s on d ie w e a r . 

A new type m e c h a n i c a l p r e s s , the w e d g e -
type p r e s s , i s c l a i m e d to r e d u c e t i l t i ng u n d e r 
o f f - c e n t e r l o a d i n g in bo th d i r e c t i o n s ( f r o n t to 
b a c k and l e f t t o r i g h t ) a n d to o f f e r i n c r e a s e d 
o v e r a l l s t i f f n e s s . T h e p r i n c i p l e of the w e d g e -
type p r e s s is s h o w n in F i g u r e 3 - 2 . In t h i s 
p r e s s , t he load a c t i n g upon the r a m is s u p p o r t e d 
by the w e d g e w n i c h is d r i v e n by a t w o - p o i n t 
c r a n k m e c h a n i s m . T h i s d e s i g n g r e a t l y r e d u c e s 
the d e f l e c t i o n of the d r i v e m e c h a n i s m (to a b o u t 
1 /4 of a s i n g l e - p o i n t d r i v e ) so t h a t the t o t a l d e -
f l e c t i o n of the p r e s s i s only a b o u t 60 p e r c e n t of 
a o n e - p o i n t e c c e n t r i c p r e s s . (3) The e c c e n t r i c 
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leas,   (b) during off-center forging both «•< < cnlr n 
ahaft branngs,   bring Im atrd n front and back, 
are loadrd evenly,  (c ) thr rai.i guidr» are built in 

nnr pirir and thry arr  longrr ll\an in a  lonvrn- 
tiunal draign,   Figure  3-3.   (d) thr  pitman is cun- 
nnt  d to thr ram through an eccentrii   pin      By 
»lighi »wivrlling of thr eccentric pin,  the ram-to- 
bolatrr dialantr  tan br  finrly adjuslrd without 
modifying thr lateral pucitioning of ihr dies     The 
ricentni   pin can alsu be rotated hydraulua'ly 
and ian br uard to free the preas if il is ov< r- 
loadrd and bloi ked 

The scotch-yoke type design represents a 
well-established and proven drive mechanism for 
forging presses.     In this design,   illustrated in 
Figure  i-4,   the  ram contains top and botlom ec- 
centric blocks that contain the eccentric shaft. 
As the ahaft rotates,  the eccentric  blocks move 
both horizontally and vertically and the ram is 
ac tuatrd by the r c c ent r ic   bloc ks only ve rlu ally. ('' 
This design compares very favorably with that for 
the wedge-type press drive and offers rigid   .uiding 
and good off-center loading ca|)ac ity. 
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FIGURE 3-4    PRINCIPI E OK THE SCOTCH- 
YOKE TYPE DRIVE FOR MECHANICAL 
PRESSES'

5
* 

The trend in increased capacity require- 
ments is  reflected in the presses built in the past 
few years      Reitntly the largest mechanical 
presses available  in the U.  S.   were the three 
8000-ton Maxipresses built by National Ma- 
chinery.    An 1 1 , 000-ton Maxipress,   based on 
National's design and built by Sumitomo in Japan 
for forging large c rankshafts (Figure 3-5),   went 
into operation late in 197 1.    The first 8,000-ton 

Ihr ■> rrw prnm uars In« lion,   gear,  rlrc- 

iru ,   or hydraulic   dnvm to ai i elrratr in«- (ly- 

wherl and thr  ac rrw assembly and  il  converti the 
angular kinetic   energy  into the  linear energy of 
the ram      Figure  3-7  show» three basu   design« of 

si rcw presses (li '    In the f notion-drive press, 

the driving disks are mounted on a horizontal 
shaft and are rotated continuously      hor a down- 
stroke,  one cjf the driving disks is pressed against 
the flywheel by a servomotor      The flywheel, 
which is connected to the screw either positively 
or by a friction slip clutch,   is accelerated by this 
driving disk through friction.     The flywheel energy 
and the slide speed continue to increase until the 
slide hits the workpiece      Thus,   the  load nec- 
essary for forging is built up and transmitted 
through the slide,  the screw,   and the bed to the 
press frame.    When the entire energy in the fly- 
wheel is used in deforming the workpiece and 
elastually deflecting the press,   the flywheel,  the 
screw,  and the slide stop.    At this moment,  the 
servomotor activates the horizontal shaft and 
presses the upstroke driving disk wheel against 
the flywheel.    Thus,  the flywheel and the screw 
are accelerated in the reverse direction and the 
slide is lifted to its top position.     In the direct 
electric drive press,  a reversible electric motor 
is built directly on the screw and on the frame, 
above the flywheel.     The screw is threaded into 
the ram and does not move vertically.     To change 
the direction of flywheel rotation,   the electric 
motor is reversed after each downstroke and up- 
stroke.    The gear drive with slip clutch is a 
variation of the direct electric drive used in large 
capacity presses (7) The flywheel is in two parts; 
the smaller inner wheel is connected positively 
to the screw shaft      The outer ring,   in which the 
larger portion of the energy is stored,   is 
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FIGURE 3-5.    ARTIST'S CONCEPTION OF THE 11,000-TON PITMAN TYPE 
MAXIPRESS BUILT BY SUMITOMO OF JAPAN ACCORDING TO NATIONAL 
MACHINERY'S DESIGN (COURTESY OF NATIONAL MACHINERY) 

connected to the inner flywheel by a slipping 
clutch.    Thus,   the total torque is limited and, 
during operation,   the drive gears and the screw 
are protected from overloading. 

New Developments,   Capacities,  and Applications 

While there is no U.  S.  manufacturer of 
modern screw presses, a number of suppliers in 
Europe are developing various drives and designs 
of screw presses in all capacities.     The emphasis 
appears to be on (a) improving the overall effi- 
ciency of the press drive,   (b| electronic energy 
metering for successive blows,  and (c) manu- 
facturing larger capacity presses. 

The conventional friction drive,   Fig- 
ure 3-7a,   results in considerable friction slip 
losses and wear at start of up and downstrokes. 
The more-modern electric drives that use re- 
versing electric motors,   require a large amount 
of electric power to overcome the extensive 
losses associated with the reversing of the 
motors. '"'   Thus,   several new designs based on 
hydraulic drives have been developed.    The hy- 
draulic screw press drive seen in Figure 3-8 
has proved itself for several years under various 

forging conditions. '"'   The drive is placed on top 
of press frame.    Pressure from the hydraulic 
accumulator pushes the axial screw downward 
and starts its rotation.     The rotary motion is 
transmitted through a coupling to the flywheel and 
to the main screw without any axial loading.    Fig- 
ure 3-9 illustrates a screw press with under- 
floor drive and 4, 400-ton nominal capacity. (9)   in 

this design,  the flywheel remains axially station- 
ary and it is driven by several hydraulic motors 
through gear drives.    This design lends itself for 
further development to obtain larger capacities. 

The principle of another hydraulic drive is 
illustrated in Figure 3-10. CO)    The ram is moved 
up and down through a relatively low capacity 
hydraulic cylinder placed on top of the press 
frame.    The vertical motion of the ram rotates 
the flywheel through the  screw and nut.     The 
kinetic energy which is thus built up in the fly- 
wheel is then transmitted through the screw and 
ram to the deforming material.     Essentially the 
same drive principle is used in the double-screw 
press illustrated in Figure 3-11.    In this design, 
two screws are mechanically synchronized through 
the gears on tht  flywheel,     ''"draulic cylinders 
on either side of the press.        ' shown in 
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FIGURE 3-6.    ARTIST'S CONCEPTION OF THE 12,000-TON SCOTCH-YOKE 
MECHANICAL FORGING PRESS (COURTESY ERIE FOUNDRY) 

Figure 11,   actuate the slide vertically.    This 
motion rotates the flywheels and,  thus, generates 
the kinetic energy.    Being essentially a true two- 
point design,  this press is capable of sustaining 
large off-center loads. CM 

A large hydraulically driven screw press, 
with 3500-ton nominal (7,000 ton maximuml ca- 
pacity built by Hasenclever of West Germany, 
was installed in 1971 at Steel Improvement and 
Forge Company,   in Cleveland.    The world's 
largest screw press is being built by Weingarten 
of West Germany for Westinghouse Electric 
Corporation.    This press,   illustrated in Fig- 
ure 3-12,   will use the drive systeip jeen in Fig- 
ure 3-7c with four reversing electric motors. 
The press,   with the nominal capacity of 8, 0(10 
ton (majcimum  16, 000 tons),  will be installed 
during  1972. 

discuss equipment characteristics affecting the 
forging process with respect to the design of each 
machine. 

The following conditions must be satisfied 
in order to carry out a forging process: 

^M — ^p at any t"116 during a stroke     (3- 1) 

Ex, > E   for an entire forging stroke.   (3-2) 

Equation (3-1) states that the load available 
from the machine (Lj^) at any stroke position 
must be larger than the load (Lp) required by the 
forging process.    Equation (3-2) states that the 
available energy (Ej^) during a stroke must be 
larger than the energy (E   ) required by the forg- 
ing process. 

EVALUATION OF LOAD AND ENERGY 
CHAl'ACTERISTICS 

From the description of the basic kine- 
matics of screw and mechanical presses it is 
seen that the manner of supplying load and energy 
to the forging process is significantly different in 
the machine types.     Therefore,   it is necessary to 

Mechanical Press 

In a mechanical press the constant torque 
(M) at the eccentric shaft is transformed to the 
slide load (Lf^) through a slider-crank mechanism 
as seen in Figure 3-13.    The symbols defined in 
the force diagram of the slider-crank mechanism 
(Figure 3-13) can be used to show that the slide 
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(c)    Gear  Drive With Slipping Clutch 

FIGURE 3-7.    SCREW PRESS DRIVES*6-7' 

load (I-M) can be approximately expressed in the 
following form: 

Z M 
JM = S sin a 

(3-3) 

Oil Cuvtcttom 
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FIGURE 3-8.    HYDRAULIC SCREW-PRESS 
DRIVE PLACED ON TOP OF PRESS 
FRAMED) 

Press Frame 
A Tool 

Press Slide 
Nut 

Hydraulic Motor 

Brake 
Sliding Wheel 

FIGURE 3-9.    HYDRAULIC SCREW PRESS WITH 
UNDERFLOOR DRIVE(9) 

Equation (3-3) illustrates the variation of the slide 
load (Ljyil with the crank angle (u) before bottom 
dead center,   BDC,  for given torque (M) and 
stroke (S) of the press.    The torque (M) at the 
clutch has a constant value for which the drive 
mechanism (i.e.,  eccentric shaft,   pinion gear, 
clutch,  brake,  etc. ) is designed.    It is seen that 
in a mechanical press the nominal slide load 
(Lj^) is available only toward the end of the 
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■ truke.    Therefore,  the numinal load of a me- 
chanical preis is alwa'  i specified for a certain 
crank angle or distant u,  before BDC, usually 
1/2 inch. 

Rom 

Hydraulic cylinder 

Frame and 
guides 

Table at fixed 
position 

Flywheel 

FIGURE 3-10.    HYDRAULICALLY DRIVEN 
SCREW PRESS WITH UNDERFLOOR 
FLYWHEEL*10) 

OT^ 

^ 

FIGURE 3-11.    SCHEMATIC OF DOUBLE SCREW 
PRESS WITH HYDRAULIC DRIVE*1* 

Equation (3-3) also illustrates that as the 
angle (a) approaches zero,  the load (LJ^J) may be- 
come infinitely large without exceeding the 
clutch torque (M),   i.e. ,  without causing the 
friction clutch to slip.    In this case the press 
stalls or "blocks",  the flywheel stops,  and the 
entire flywheel energy is transformed into de- 
flection energy by straining the press frame,  the 
pitman arm,  and the drive mechanism. 

The flywheel of the mechanical press, 
which stores energy,  has its idle speed (n0) at 
the beginning of a stroke.    During a stroke,  the 
flywheel supplies,  as needed, the energy for the 
forging process (Elp),  the energy for overcoming 
machine friction (Ep-),   and the energy necessary 
for elastic deflection of the press (Ej).    The 
total available energy during one stroke 
(E'p = Ep + Ejr + Ejj) is determined by the allow- 
able slowdown of the flywheel,  which has the 
moment of inertia (I),  from the idle speed (no) to 
the slowed-down speed (ny).    The total energy per 
stroke (E^) is given by: 

2 \30/ (Br ') (3-4) 

(Hydraulic system is not shown. ) 

At the end of a forging stroke,  the electric 
motor must bring the flywheel from its slowed- 
down speed (nj) to its idle speed (n0) before the 
next forging stroke starts.    Consequently,   in a 
continuously operating mechanical press,   if the 
electric motor driving the flywheel is not power- 
ful enough,  the number of strokes per minute 
under load (n_) may well depend upon the energy 
(E   ) required by the forging process. 

Screw Press 

In a screw press the forging load is trans- 
mitted through the slide,   screw,  and bed to the 
press frame.    The available load at a given stroke 
position is supplied by the energy stored in the 
flywheel.    At the end of a forging stroke,  the fly- 
wheel and the screw come to a standstill before 
starting their reversed rotation.    Thus,  the total 
flywheel energy (E^) is transformed,  as in a 
mechanical press,   into available energy for the 
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FIGURE 3-12.    ARTIST'S CONCEPTION OF THE WORLD'S LARGEST SCREW 
PRESS BUILT FOR PRECISION FORGING OF TURBINE BLADES 
(COURTESY WEINGARTEN) 

process (Ep),   energy to overcome machine fric- 
tion (Ep), and energy to elastically deflect the 
machine (Ej).    If the total flywheel energy (Ej) is 
larger than necessary for overcoming machine 
losses and for carrying out the forging process, 
the excess energy is transformed into additional 
deflection energy and both the die and the press 
are subjected to unnecessary high load.    This is 
illustrated in Figure 3-14.    In order to eliminate 
the excess energy which results in increased 
die wear and noise,  the modern scre-v press is 
equipped with an energy-metering dev.ce that 
controls the flywheel velocity and regulates the 
total flywheel energy.     The energy metering can 
also be programmed so that the nachine supplies 
different amounts of energy during successive 
blows. 

In a screw press,  which is essentially an 
energy-bound machine like a hammer,  the load 

and the energy are in direct relation with each 
other.     For a given press (i.e. ,  for ♦l.;e same 
friction losses,  elastic deflection pjo.jerties and 
available flywheel energy) the load available at 
the end of the stroke depends mainly upon the de- 
formation energy required by the process (i. e. , 
on the shape,  temperature,  and material of the 
workpiece).    Thus,  for a constant flywheel 
energy,   low deformation energy (Ep) results in 
high end load (Lw),  and high deformation energy 
(Ep) results in low end load (L^).     These vela- 
lions are illustrated in the "load-energy diagram.' 
of a screw press as shown in Figure 3-15. ('') 
The energy-load curve has a parabolic shape. 
This is due to the fact that the deflection energy 
(Ej) is given by the second-order equation 

LM'/2C (3-5) 

in which Lj^j is machine load and C is total press 
stiffness. 
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JzPSin{a*ß) 

S Sin a 

FIGURE 3-13.    THE BASIC SLIDER-CRANK 
MECHANISM OF MECHANICAL PRESSES 

(S = Stroke,  a = Crank-Angle Before BDC, 

^M Machine Load) 

A screw press designed for forging opera- 
tions,   where large energies (Ejyi) are needed, 
can also be used for coining where smaller 
energies are required.    For coining, however,  a 
friction clutch is built between the flywheel and 
the screw.    When the ram load reaches the 
nominal load,   this clutch starts slipping and uses 
up a part of 'lie flywheel energy as friction heat 
energy (Ec) at the clu ch.    Consequently,  the 

maximum load at the end of downstroke is 
reduced from (L) to (Ljnax) and the press is pro- 
tected from overloading,   Figure 3-15. 

Comparison of Screw and Mechanical Presses 
in Terms of Load and Energy 

An objective and detailed comparison of two 
forging machines can be made only by considering 
a specific part to be forged.    This comparison 
requires that the load and energy (or load- 
displacement curve) necessary for forging must be 
known.    Therefore,  in the present discussion, 
only a general comparison can be made by pointing 
out which forging variables are more significant 
than others.    From the description of the two 
presses, the following conclusions are drawn; 

(1) During one working stroke the screw 
press delivers all the flywheel energy; if this 
energy is insufficient to forge the part,   a second 
blow might be used to complete the operation.    As 
the mechanical press usually has excess energy in 
the flywheel,   it can be overloaded in terms of 
energy (but not load).    No successive blows,  how- 
ever,   can be used for the same operation. 

(2) In a screw press,  load and energy are 
in direct relationship.    Consequently,  for deter- 
mining the overall capacity of the machine,   it is 
necessary to have the load-energy diagram as 
seen in Figure 3-15.    In a mechanical press the 
available slide load varies with the slide position, 
and the flywheel stores more energy than nec- 
essary for a forging process.    Consequently,  the 

Displacement 

TDC 

Unloading Unloading 

(a)   With Energy or Load Metering 'b)   Without Energy or Load Metering 

FIGURE 3-14.    LOAD AND ENERGIES IN CLOSED-DIE FORGING IN A PRESS 

(E    = energy required by process,   L- = load required by process,   Lj^     maxi- 
mum machine load,   Ej = elastic deflection energy,  d = press deflection) 
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E   -rgy 

Ex 
Ef 
Ed 

■k 
^nax 

EM 

Load 

without friction clutch at 
flywheel 
with slipping friction clutch 
at flywheel 
total flywheel energy 
friction energy 
deflection energy 
energy required by process 
energy lost In slipping clutch 
nominal machine load 
maximum load 
nominal machine energy availa- 
ble for forging. 

FIGURE 3-15.     LOAD AND ENERGY RELATIONSHIP IN A SGREW PRESS*12) 

overall capacity of the machine is determined by 
the  load-slide displacement (or load-crank 
angle) curve of the press. 

EVALUATION OF SLIDE VELOGITY AND 
GONTACT TIME UNDER PRESSURE 

(3) Modern screw presses are equipped 
with energy-metering devices and with a friction 
clutch at the flywheel,  which slips when a preset 
slide load is reached.    Therefore,  a screw press 
can not be overloaded and does not "block".    A 
mechanical press may "block",  and the press and 
the tooling may be overloaded (in terms of pres- 
sure and temperature) if the load required by the 
process exceeds the design load of the press and 
if no overload safety device is provided.    This dif- 
ference is significant because "blocking" of a 
mechanical press is more frequent when small 
production lots are forged and when the magnitude 
of the maximum forging load can not be estimated 
easily. 

(4) A screw press,   equipped with an energy 
metering device,   supplies the same reproducible 
amount of energy in forging each part.    Con- 
sequently, variations in tolerances or in die- 
filling have to be the result of variations in stock 
weight,   stock material or stock temperature. 
Thus,  with a screw press,   closer control of 
forging parameters is possible.    In a mechanical 
press,  forging load and energy can be moiiitored, 
by using various types of devices.    This moni- 
toring,  though very useful,   will not prevent the 
press from being overloaded because of low 
forging temperature or oversize stocks. 

(5) In general the same part requires less 
load for forging under a screw press then under 
a mechanical press. This is due to higher slide 
velocity of tlv; screw press as discussed below. 

Since the kinematics of screw and me- 
chanical presses are different,  the slide \elocity 
and its variation also differ significantly for both 
machines. 

Mechanical Press 

From the geometry of the slider-crank 
mechanism illustrated in Figure 3-13,  the ap- 
proximate relations describing the variation of 
the slide velocity can be obtained. (^' '9) 

The distance (W) of the slide from tne 
BDC,   is mainly determined by the p  ess 
stroke (S) and the crank-angle (a) before BDG as 
follows: 

W (1  - cos u) (3-6) 

The slide velocity under load (VD) depends 
essentially upon the press stroke (S),   the num- 
ber of strokes per minute (n),  and the crank- 
angle (a) before BDC as follows: 

Sin 
60 

(3-7) 

The  slide velocity (Vp) with respect to the 
distance  (W) of the slide from BDC is given by: 

W7I 

30 
£\/F 

Vw (3-8) 

From Equations (3-7) and (3-8),  it is seen that 
for a given stroke (S) the slide velocity (V0) de- 
pends only upon the number of strokes per min- 
ute (n).     The variation of (Vp) with respect to 
slide position is schematically illustrated in 
Figure 3-16.    The slide velocity under pressure 
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(Vp) of a mechanical preaa ia eaitentially in- 
dependent ot the geometry and the load-energy 
requirement« of the forging      (Thia ia nut 
atrictly true aince the elaatic deflection of the 
preis,  which ia determined bv the maximum 
forging load,  aligh 'v infliiencps the 
velocity (Vp)). 

The number of strokea per minute under 
load (n.j) ia essentially influenced by the 
velocity-diaplacement diagram,  and by the <a- 
pacity of the electric motor to bring the fly- 
wheel back into its idle speed before the next 
stroke starts      This point was discussed in re- 
viewing the energy behavior of a mechanical 
press. 

Screw Hress 

T»>.n BtK 

',!()#   po«<l>On 

FIGURE }'lb.    REPRESENTATION OF SLIDE 
VELOriTlES FOR MECHANICAL AND SCREW 
PRKSbiJS IN FORGING A THICK AND A THIN 
P..I'. I 

In a  screw press the number of strokes 
per minute under load (n^) largely depends upon 
both the energy required by the specific  forging 
process and the capacity of the drive mechanism 
to accelerate the screw and the flywheel 

During a downstroke,  the velocity under 
pressure (Vp) increases until the glide hits the 
forging blank,  as illustrated in Figure 3-16.    In 
this respect the screw press behaves like a ham- 
mer.   After the forging starts,  the velocity of the 
slide decreases according with the energy re- 
quirements of the processes      Thus,  the velocity 
(Vp) is greatly influenced by the geometry of the 
stock and of the forging.    In most forging oi      a- 
tions under a screw press,  the slide velocity 
(Vp) decreases from the velocity (Vjj) at the be- 
ginning of forging to Ve = 0,  at the end of forg- 
ing,  in a parabolic manner as seen in Figure 
3-16     The average slide velocity under pres- 
sure (Vave) is given by:'12* 

2Vb/3 (3-9) 

Comparison of Mechanical aid Screw Presses 
in Terms of Time-Dependent Parameters 

From the discussion given above the fol- 
lowing conclusions are drawn: 

(1)   In a given screw or mechanical pres?, 
the number of strokes per minute under pres- 
sure (np) depends upon the amount of energy re- 
quired by the forging process      When a press will 
be operated continuously,  for instance in an 
automated forging line,   it is necessary for the 
user to have a diagram describing the number of 
strokes per minute (np) as a function of forging 
energy required from the machine. 

In general,  mechanical presses provide 3 to 
5 times more strokes per minute- than screw 

presurs,   if both machines were to be c)|>er»trd 
continuously      Thus,  for large-volume production 
the mechanical prefis has a larger production 
rate,   particularly if automated forging line« are 
considered      Often the loading and unloading 
sequences,   however,   require that the pre«« br 
operated intermittently     Then the production- 
rate advantage of the mechanical pre«« over the 
screw press is reduced. 

(2) The contact time under load (lp) i« the 
time during which the forging remain» under 
pressure and in contact with the die«      The 
magnitude of tp greatly Influence« the cooling of 
the forging,   the metal flow in filling cavitie«, 
the forging pre««ure,   and the wear and the wash- 
out of dies.     T'.iese effects are more pronounced 
if parts with a 'arge surface-to-volunie ratio 
are forged      (I arge surface area em ourage« 
heat transfer,   small volume mean« «mall In-.it 
capacity. )    Thu«,   the magnitude of the contact 
time (tp)  is very important in pre« ision (urging, 
in forging of thin parts such as air-foil«,  and 
in defon iing the flash.    In both mechanical and 
screw presses,  tp is influenced primarily by 
the slide velocity (V   ).     In a sc rew pre«» the 
contact times (tpl are usually khorter than in a 
inechanical pre»«. 

(3) In both mechanical and »crew presses, 
the press elastically deflect» under load,   and the 
length of deformation strokr iiu rease»      Th 
amount of deflection is inversely proportional to 
the stiffness of the press      Tl^refore,   the tola1 

stiffness of the machine also influence» the con- 
tact time  (tp).     The »tiffer the  press,   the  «mailer 
is the deflection and the shorter  i» the t ontai t 
time 

(4) The  »< rew pre»» ha«  in general a 
larger slide velocity which result»  in higher de- 
formation rates      Therefore,  at the same Irm- 
perature the flow »trr»» of the forged material 
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3-12 
i s h i g h e r in a s c r e w p r e s s T h e h igh s l i d e 
v e l o c i t y , h o w e v e r , a l s o r e s u l t s in s h o r t e r c o n -
t a c t t i m e s a n d d i e - c h i l l i n g e f f e c t s a r e u s u a l l y 
s m a l l e r t h a n in a m e c h a n i c a l p r e s s . In m o s t 
f o r g i n g o p e r a t i o n s , d i e c h i l l i n g h a s t he o v e r -
r i d i n g e f f e c t of i n c r e a s i n g t h e f o r g i n g l oad a n d 
r e d u c i n g d i e f i l l . C o n s e q u e n t l y , t h e l oad r e -
q u i r e d f o r f o r g i n g a p a r t i s u s u a l l y s m a l l e r in a 
s c r e w p r e s s t h a n in a m e c h a n i c a l p r e s s , e s p e -
c i a l l y f o r t h i n n e r p a r t s hav ing a l a r g e s u r f a c e -
t o - v o l u m e r a t i o . 

E V A L U A T I O N O F M E C H A N I C A L A N D S C R E W 
P R E S S E S IN T E R M S O F O P E R A T I O N A N D 

F O R G I N G T O L E R A N C E S 

(b) In f o r g i n g u n d e r a m e c h a n i c a l p r e s s , 
t he l o a d v a r i a t i o n s c a u s e d by v a r i a -
t i o n s in s t o c k w e i g h t a n d s t o c k t e m -
p e r a t u r e i n f l u e n c e t he d e f l e c t i o n of-
the p r e s s . (1?) T h e s t i f f e r t h e p r e s s , 
t h e s m a l l e r a r e t he d e f l e c t i o n v a r i a -
t i o n s due to u n r e p r o d u c i b l e f o r g i n g 
c o n d i t i o n s . T h e d e f l e c t i o n of t he m e -
c h a n i c a l p r e s s , h o w e v e r , i n f l u e n c e s 
t he t h i c k n e s s t o l e r a n c e s of t h e f o r g -
ing . T h i s s i t u a t i o n , w h i c h m a y be 

v e r y i m p o r t a n t in p r e c i s i o n f o r g i n g , 
d o e s not e x i s t in a s c r e w p r e s s w h e r e 
t he d i e s " k i s s " a t e a c h b l o w . 

(c) A m e c h a n i c a l p r e s s c a n be o p e r a t e d 
s o t h a t t h e d i e s " k i s s " , but t h e n e i t h e r 
t he p r e s s i s o p e r a t e d w e l l u n d e r c a -
p a c i t y o r t h e p o s s i b i l i t y of " b l o c k i n g " 
t he p r e s s i s i n c r e a s e d . A f t e r r e v i e w i n g the l o a d - e n e r g y a n d t i m e -

d e p e n d e n t c h a r a c t e r i s t i c s of m e c h a n i c a l a n d 
s c r e w p r e s s e s , it i s u s e f u l t o c o n s i d e r t he 
o p e r a t i o n of the m a c h i n e s 

The d i m e n s i o n a l a c c u r a c i e s of a p r e s s 
u n d e r u n l o a d e d c o n d i t i o n , s u c h a s p a r a l l e l i s m of 
s l i d e and bed s u r f a c e s , c l e a r a n c e s in t he g i b s , 
e t c . , h a v e b a s i c a l l y t h e s a m e s i g n i f i c a n c e i n the 
o p e r a t i o n of bo th p r e s s e s . 

T h e s c r e w p r e s s arid t he m e c h a n i c a l p r e s s 
a r e bo th p u s h b u t t o n o p e r a t e d . T h u s , t he o p e r a t o r 
d o e s not h a v e t o be v e r y s k i l l e d and he c a n no t 
i n f l u e n c e the f o r g i n g p r o c e s s a f t e r it h a s b e e n 
i n i t i a t e d . Both p r e s s e s m a y be e q u i p p e d wi th 
p o w e r f u l m e c h a n i c a l o r h y d r a u l i c e j e c t o r s o r 
o t h e r a c c e s s o r i e s . 

T h e m a j o r o p e r a t i n g d i f f e r e n c e s of t he 
m e c h a n i c a l and s c r e w t y p e p r e s s e s i n c l u d e : 

(1) The p o s s i b i l i t y of a u t o m a t i o n i s s o m e -
wha t e a s i e r w i th a m e c h a n i c a l p r e s s 

(2) A s c r e w p r e s s i s o p e r a t e d l i k e a h a m -
m e r , i . e . , t he t op a n d b o t t o m d i e s " k i s s " a t 
e a c h b low T h i s i s no t the u s u a l p r a c t i c e in f o r g -
ing u n d e r a m e c h a n i c a l p r e s s . T h i s b a s i c d i f -
f e r e n c e in o p e r a t i o n h a s two i m p o r t a n t 
c o n s e q u e n c e s : 

(a) Die s e t - u p t i m e s a r e l o n g e r wi th a 
m e c h a n i c a l p r e s s b e c a u s e t he f l a s h 
and the f o r g i n g t h i c k n e s s a r e o b -
t a i n e d by a d j u s t i n g the s l i d e a n d the 
bed p o s i t i o n s . In a s c r e w p r e s s , d i e 
s e t - u p i s r e l a t i v e l y s i m p l e b e c a u s e , 
a s in h a m m e r d i e s , no a d j u s t m e n t 
f o r f l a s h is n e c e s s a r y . D u r i n g a 
f o r g i n g r u n the m e c h a n i c a l p r e s s m a y 
r e q u i r e a d d i t i o n a l a d j u s t m e n t s of t h e 
s t r o k e b e c a u s e t he s l i d e p o s i t i o n m a y 
v a r y d u r i n g the f o r g i n g r u n due t o 
h e a t b u i l d u p . 

(d) T h e o f f - c e n t e r l o a d i n g c a p a c i t y of t he 
p r e s s i n f l u e n c e s the p o s s i b i l i t y of 
h a v i n g s k e w e d s u r f a c e s in f o r g i n g s . 
T h i s c a p a c i t y i s i n c r e a s e d in m o d e r n 
p r e s s e s by h a v i n g long g i b s and by 
f i n i s h f o r g i n g a t t h e d i e c e n t e r , w h e n -
e v e r p o s s i b l e . The m e c h a n i c a l p r e s s 
c a n s u s t a i n o f f - c e n t e r l o a d s b e t t e r t h a n 
t h e s c r e w p r e s s . 

T h e r e f o r e , in a d d i t i o n t o f i n i s h f o r g -
ing , o t h e r o p e r a t i o n s s u c h a s d e -
s c a l i n g , p r e f o r m i n g a n d t r i m m i n g c a n 
be c a r r i e d out u n d e r t h e s a m e m e -
c h a n i c a l p r e s s . T h e c a p a c i t y of t h e 
s c r e w p r e s s f o r o f f - c e n t e r l o a d i n g is 
l i m i t e d C o n s e q u e n t l y , a d d i t i o n a l 
m a c h i n e s a r e u s u a l l y n e c e s s a r y f o r 
p r e f o r m i n g a n d t r i m m i n g w h e n f i n i s h 
f o r g i n g u n d e r a s c r e w p r e s s . 

C O N C L U S I O N S 

A d e t a i l e d c o m p a r i s o n of t w o t y p e s of f o r g -
ing m a c h i n e s i s b e s t m a d e by c o n s i d e r i n g a s p e -
c i f i c p a r t t o b e f o r g e d . It i s p o s s i b l e , h o w e v e r , 
t o po in t out t h e m o s t i m p o r t a n t c h a r a c t e r i s t i c s of 
t h e two m a c h i n e s a n d how t h e y i n f l u e n c e t he 
f o r g i n g p r o c e s s . In t h i s r e v i e w , the m e c h a n i c a l 
a n d s c r e w p r e s s e s f o r c l o s e d - d i e f o r g i n g a r e c o m -
p a r e d wi th r e s p e c t t o l o a d , e n e r g y , s l i d e v e l o c i t y , 
c o n t a c t t i m e s and t o l e r a n c e s . 

In s e l e c t i n g a s p e c i f i c p i e c e of e q u i p m e n t 
f o r f o r g i n g a p a r t , t he m o s t i m p o r t a n t f a c t o r s a r e 
load a n d e n e r g y r e q u i r e m e n t s . T h e r e f o r e , a p -
p r o x i m a t e p r e d i c t i o n s m u s t be m a d e d u r i n g the 
p r o c e s s d e s i g n s t a g e u n l e s s e x p e r i m e n t a l d a t a , 
o b t a i n e d in f o r g i n g the s a m e p a r t , a r e a l r e a d y 
a v a i l a b l e . 
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In c l o s e d - d i e f o r g i n g , m e t a l f l ow a n d l o a d -
e n e r g y r e q u i r e m e n t s a r e i n f l u e n c e d by h e a t t r a n s -
f e r a n d c o o l i n g e f f e c t s . O f t e n d i e - c h i l l i n g e f f e c t s 
c a n n o t b e s e p a r a t e d f r o m l u b r i c a t i o n a n d f r i c t i o n 
c o n d i t i o n s . It i s t h e r e f o r e v e r y u s e f u l t o o b t a i n 
d e t a i l e d i n f o r m a t i o n on a c t u a l s l i d e v e l o c i t y a n d 
c o n t a c t t i m e s f o r b o t h m a c h i n e s b e f o r e a f i n a l 
s e l e c t i o n is m a d e . 

T h e d e f l e c t i o n b e h a v i o r of t h e p r e s s i s i m -
p o r t a n t if the m a c h i n e w i l l be s u b j e c t t o o f f - c e n t e r 
l o a d i n g a n d if c l o s e - t o l e r a n c e p a r t s w i l l b e f o r g e d . 
P r a c t i c a l c o n s i d e r a t i o n s s u c h a s d ie s e t - u p t i m e s , 
p o s s i b i l i t y of a t t a c h i n g a u t o m a t i c f e e d i n g and u n -
l o a d i n g d e v i c e s , e x p e r i e n c e in d i e d e s i g n f o r a 
g i v e n m a c h i n e , e t c . , m u s t a l s o b e c o n s i d e r e d in 
s e l e c t i n g a f o r g i n g p r e s s 

It i s a p p a r e n t t h a t a n o b j e c t i v e a n d o p t i m u m 
s e l e c t i o n of a f o r g i n g p r e s s r e q u i r e s d e t a i l e d a n d 
s y s t e m a t i c k n o w l e d g e b o t h of t he s p e c i f i c f o r g i n g 
p r o c e s s u n d e r c o n s i d e r a t i o n , a n d of t h e c h a r a c -
t e r i s t i c s of t h e m a c h i n e s c o n s i d e r e d S t u d i e s a s 
p r e s e n t e d in t h i s p a p e r shou ld a l s o be m a d e f o r 
o t h e r t y p e s of f o r g i n g e q u i p m e n t , s u c h a s h a m -
m e r s a n d h y d r a u l i c p r e s s e s , in o r d e r t o h e l p t h e 
f o r g i n g e n g i n e e r in m a k i n g a n o p t i m u m e q u i p -
m e n t s e l e c t i o n . 
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4 - 1 

CHARACTERISTICS OF HYDRAULIC, MECHANICAL, AND SCREW 
PRESSES FOR FORGING: DETERMINATION AND COMPARISON 

by 

J. R. Douglas, T. Alun, and R. J. Fiorentino 

ABSTRACT 

The behavior of forging equipment greatly influences the variables in forging process. 
Therefore, the characteristics of forging presses must be know, in terms of load and energy capac-
ities. accuracy, and time-dependent parameters. To reflect the actual conditions, press character-
istics must be determined under dynamic conditions, where speeds, loads, and energies are comparable 
to those found in practical forging operations. 

This study discusses the important characteristics of forging presses and describes methods 
for determining them. A 700-ton hydraulic press, a newly installed 500-ton mechanical press of 
scotch yoke design, and a 400-ton screw press were used in the study. High-temperature ring-upset 
tests were conducted in all three presses to determine the practical e f f e c t of press speed upon die 
chilling, metal flow, and load requirements. In the mechanical press, room-temperature copper upse 
tests were used to determine the dynamic press s t i f f n e s s , the off-center loading characteristics, 
the flatness of ram and bolster surfaces under load, and the available energy capacity at various 
production rates. 

The methods employed in the present study can be used for evaluation, comparison, and 
standardization of forging presses under practical production conditions. 

I N T R O D U C T I O N 

D e v e l o p m e n t s in t he f o r g i n g i n d u s t r y a r e 
g r e a t l y i n f l u e n c e d by t h e w o r l d w i d e r e q u i r e -
m e n t s f o r m a n u f a c t u r i n g l a r g e r , m o r e - c o m p l e x 
c o m p o n e n t s f r o m m o r e - d i f f i c u l t - t o - f o r g e m a t e -
r i a l s w i t h c l o s e r t o l e r a n c e s . T h e p r e s e n t a n d 
f u t u r e n e e d s of a e r o s p a c e i n d u s t r y , t he i n c r e a s e 
in d e m a n d f o r s t a t i o n a r y p o w e r s y s t e m s , j e t 
e n g i n e s , and a i r c r a f t c o m p o n e n t s r e q u i r e c o n t i n -
u o u s u p g r a d i n g of t o d a y ' s t e c h n o l o g y . T h u s , t h e 
m o r e e f f i c i e n t u s e of e x i s t i n g f o r g i n g e q u i p m e n t 
and the i n s t a l l a t i o n of m o r e s o p h i s t i c a t e d m a -
c h i n e r y h a v e b e c o m e u n a v o i d a b l e n e c e s s i t i e s . 

T h e s e l e c t i o n of n e w f o r g i n g e q u i p m e n t , 
and the e f f i c i e n t u s e of v a r i o u s t y p e s of e x i s t i n g 
e q u i p m e n t , r e q u i r e a t h o r o u g h u n d e r s t a n d i n g of 
t he e f f e c t of e q u i p m e n t c h a r a c t e r i s t i c s upon the 
f o r g i n g o p e r a t i o n s , t he load and e n e r g y r e q u i r e -
m e n t s of t he s p e c i f i c f o r g i n g o p e r a t i o n , and the 
c a p a b i l i t i e s and c h a r a c t e r i s t i c s of t h e s p e c i f i c 
f o r g i n g m a c h i n e u s e d f o r t h a t o p e r a t i o n . T o d a y , 
t he t r e n d is to i n s t a l l p r e s s e s , e s p e c i a l l y m e -
c h a n i c a l o r s c r e w p r e s s e s , i n s t e a d of h a m m e r s 
e x c e p t f o r v e r y l a r g e c a p a c i t i e s . T h e h a m m e r , 
a l t h o u g h it i s t he l e a s t - e x p e n s i v e f o r g i n g m a -
c h i n e , o f f e r s s e v e r a l d i s a d v a n t a g e s s u c h a s 
l i m i t e d a c c u r a c y , n o i s e p o l l u t i o n , and d i f f i c u l t y 
in a u t o m a t i o n . T h e m e c h a n i c a l f o r g i n g p r e s s is 
m o s t e f f e c t i v e l y u s e d f o r l a r g e p r o d u c t i o n s e r i e s , 
w h e r e too l c h a n g e s and s e t u p s a r e r e q u i r e d i n f r e -
q u e n t l y . T h e s c r e w p r e s s , we l l known in E u r o p e , 
but f a r l e s s c o m m o n in t he U . S . , c o m p e t e s wi th 

H a m m e r s a n d wi th m e c h a n i c a l p r e s s e s , e s p e c i a l l y 
in f o r g i n g r e l a t i v e l y t h in p a r t s w i th g r e a t a c c u -
r a c y . H y d r a u l i c p r e s s e s a r e m o s t l y u s e d f o r 
o p e n - d i e f o r g i n g . F o r c l o s e d - d i e f o r g i n g o p e r -
a t i o n s , t h e h y d r a u l i c p r e s s i s , in g e n e r a l , too 
s l o w , g i v e 3 long c o n t a c t t i m e s , and c a u s e s t he 
d i e c h i l l i n g . C o n s e q u e n t l y , t h e h y d r a u l i c p r e s s 
i s p r a c t i c a l o n l y f o r f o r g i n g a l u m i n u m a n d m a g -
n e s i u m a l l o y s , w h e r e d i e s a r e h e a t e d and n o 
e x c e s s i v e d i e c h i l l i n g i s p r e s e n t , and f o r f o r g i n g 
v e r y l a r g e p a r t s r e q u i r i n g f o r g i n g l o a d s a b o v e 
6, 000 to 8, 000 t o n s . 

P l a n s f o r n e w i n v e s t m e n t , m o d e r n i z a -
t i on , and a u t o m a t i o n in f o r g i n g i n d u s t r y r e q u i r e 
a t h o r o u g h k n o w l e d g e and c o n s i d e r a t i o n of t he 
t e c h n i c a l and e c o n o m i c a s p e c t s of a l l t y p e s of 
e q u i p m e n t . It i s , t h e r e f o r e , u s e f u l a n d t i m e l y to 
d i s c u s s t he c h a r a c t e r i s t i c s of t h e h y d r a u l i c , m e -
c h a n i c a l , and s c r e w p r e s s e s f o r f o r g i n g . F o r 
t h i s p u r p o s e , t he b a s i c p r i n c i p l e s of t h e s e 
m a c h i n e s w e r e c o m p a r e d wi th r e s p e c t to r e q u i r e -
m e n t s f o r h o t - c l o s e d - d i e f o r g i n g o p e r a t i o n s . It 
s h o u l d b e n o t e d , h o w e v e r , a l l t h r e e t y p e s of 
p r e s s e s a r e a l s o b e i n g u s e d f o r c o l d - f o r g i n g and 
c o i n i n g o p e r a t i o n s . 

I N T E R A C T I O N B E T W E E N P R O C E S S 
AND E Q U I P M E N T IN F O R G I N G 

T h e p r i n c i p a l p r o c e s s and e q u i p m e n t 
v a r i a b l e s and t h e i r i n t e r a c t i o n s in hot f o r g i n g in 
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prenaei are indicated in Figure 4-1, in which a 
line between two block* ihows that one variable 
influences the other,'1,   ' 

AM seen in the left side of Figure 4-1, 
the flow atreaa ("),   the interface friction condi- 
tion«,   and the forging geometr/ (dimensions, 
shape) determine both the load (Lp) at each 
position of the stroke,  and the energy (En) re- 
quired by the forging process.    The flow stress 

( ') increases with increasing deformation rate 
(«f) and with decreasing temperatuie (ö).    The 
magnitude of these variations depeids upon the 
specific workpiece material.    The friction con- 
ditions deteriorate with increasing die chilling. 

As indicated by lines connected to the 
tr-mperature block,   for a given initial stock 
temperature,   the temperature variations in the 
forging are largely influenced by the surface area 
of contact between dies and forging,   the part 
thickness or volume,   the die temperature,   the 
amount of heat generated by deformation and 
friction,   and the contact time under pressure. 
During deformation,   heat transfer from the hot 
forging to the colder dies is nearly perfect with 
graphite-base lubricants.    With glass-base lu- 
bricants,   however,   the heat transfer is greatly 
reduced depending upon the interface temper- 
ature and the thickness and type of glass 
coating. 

The velocity of the slide under pressure 
(Vp) determines mainly the contact time under 
pressure (t-) and the deformation rate (I).    The 
number of strokes per minute under no-load con- 
ditions (n0),   the machine energy (EJ^J),   and the 
deformation energy (Ep) required by the process 
all influence the slide velocity under load (Vp) 
and the number of strokes under load (np); (IO 

determines the maximum number of parts forged 
per minute (i.e.,   the production rate) provided 
the feeding and unloading of the machine can be 
carried out at that speed. 

The load-displacement curves,   for hot 
forging a steel part with different types of forg- 
ing equipment,   are shown in Figure 4-2.     ' 
These curves illustrate that,   due to strain rate 
and temperature effects,   for the same forging, 
different forging loads and energies are required 
by different machines.    In the hammer,   the 
forging load is initially higher,   due to strain- 
rate effects,   but the maximum load is lower than 
in either hydraulic or screw presses.    This is 
because,  in the presses,   the extruded flash cools 
rapidly,  while in the hammer the flash tempera- 
ture remains nearly the same as the initial stock 
temperature. 

Thus,   the material flow stress and the 
interface friction conditions vary with the rate 
of deformation and with die-chilling effects. 

-"*•«' K SI« trftoerty, V, 

CMKI I"», i. 

'S3SC 

UachM HM.L^ 

(«•I 

9ir«tn pvim.A,      ^ 

FIGURE 4-1      KELAITONSHIPS BETWEEN PROCESS AND EQUIPMENT 
VARIABLES IN CLOSED-DIE FORGING IN PRESSES'" 
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Consequently,   the velocity behavior of the forg- 
ing equipment used determines the forging load 
and energy required by the process.     I his fact 
is not always clearly acknowledged although it is 
of paramount importance in understanding the 
relationship between process and equipment. 

175 

«0 

02 
ho-h (inch) 

04        06        08 10 

i-J-i r     Hydraulic prtss 
_     / I \     ,^i   (Vp| • 0.33 ft/we 
J—   |        L| I (0.1 m/MC) 

192 5 

165 

1375 

no 
«A 
C 
o 

(A 

82 5 => 

55 

27.5 

10 15 20 
Displacement, h0-h (mm) 

FIGURE 4-2.    LOAD-VERSUS-DISPLACEMENT 
CURVES OBTAINED IN CLOSED-DIE FORGING 
AN AXISYMMETRIC STEEL PART AT 2012 F 
UNDER THREE MACHINES WITH DIFFERENT 
RAM VELOCITIES(2, 

As  indicated in Figure 4-1,   the stiffness 
of the press influences the contact time under 
pressure.    The stiffness also influences the 
thickness tolerance of forged parts in 
mechanical-press forging in which the upper and 
lower dies usually do not touch or "kiss" during 
a forging stroke.    The flatness and parallelism 
of upper and lower die surfaces determine the 
degree of "tilt" and contribute to mismatch in 
the forged part.    Therefore,   these character- 
istics are also important for evaluating the over- 
all performance of a forging press.    In hydraulic 
and screw presses,   the stiffness does not affect 
forging tolerances. 

(eccentric or crank) presses are stroke- 
restricted machines since the length of the press 
stroke and (he available load at various stroke 
positions tepresent their capability.    Screw 
presses are essentially energy-restricted 
machines since deformation results from dis- 
sipating the kinetic energy of the press ram.    As 
with hydraulic and mechanical presses,   the frame 
of a screw press not only guides the ram,   but 
also is subjected to loading during a forgirg 
stroke. 

Characteristics of a machine consist of 
all design and performance data on that machine 
which are pertinent to its economical use.'-'' 
These data are necessary for optimum selection 
of equipment for a given process. The character- 
istic data for forging equipment can be classified 
into three groups:  those for load and energy, 
those that are time dependent,   and those for 

(3   41 accuracy.v J> ^' 

Characteristic Data for Load and Ener SV 

Available energy (EM* (ft-lb or kgm) is 
the energy supplied by the machine to carry out 
the deformation during an entire stroke.    Avail- 
able energy (EM) does not include either (Ef), 
the energy necessary to overcome the friction in 
the beari  ga and slides,   or (Ed),   the energy lost 
because oi elastic deflections  in the frame, 
crown,   bed,   and driving system. 

Available load (LM) (tons) is the load 
available at the ram to carry out the deformation 
process.    This load can be essentially constant 
as  in hydraulic presses,   it may vary with the 
slide position in respect to "bottom-dead-center" 
(BDC) as in mechanical presses,   or it may be 
directly related to the available energy (EJ^J) as 
in screw presses. 

The following conditions must be satis- 
fied to complete a forging operation:^»'-' 

LJ^J _ Lp (Load Required by Process)   (4-1) 
at any lime during the working 
stroke 

SIGNIFICANT CHARACTERISTICS OF 
FORGING PRESSES 

and 

EJ^J _> Ep (Energy Required by Process) (4-2) 
for an entire stroke. 

In discussing characteristics of specific 
equipment,   it is useful to classify forging ma- 
chinery with respect to principle of opera- 
tion.'   ''     Hydraulic presses are load- 
restricted machines,   i.e.,   capability for tarry- 
ing out a forming operation is limited mainly by 
the maximum load capacity.    Mechanical 

Time-Dependent Characteristic Data 

Number of strokes per minute under 
load (np) is the most important characteristic of 
any machine since it determines the permissible 
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production rate.    When a part is forged with 
multiple and consecutive blows (in hammers, 
open-die hydraulic presses, and screw presses), 
the iip of the machine greatly influences the 
ability to forge a part without reheating. 

Contact time under pressure Up) is the 
time during which the forging remains in the die 
under deformation load.    The heat transfer be- 
tween the hotter forged part and the cooler dies 
occurs most rapidly under pressure.'-"    With 
increasing tp,   the die wear increases.    In 
addition,   cooling of the workpiece results  in 
higher forging load requirements. 

Velocity under pressure (Vp) is the 
velocity of the slide under load.    This is an im- 
portant variable because it determines both the 
contact lime under pressure and the rate of 
deformation or the strain rate.    The t   rain rate 
influences the flow stress of the forged material 
and consequently affects the load and energy re- 
quired for forging. 

Characteristic Data for Accuracy 

contact time under pressure (tp) is 
longer.    This fact contributes to the 
reduction of tool life in hot forging. 

•    The higher the stiffness,   the lower the 
the deflection of the press.    Conse- 
quently,   in mechanical presses,   devi- 
ations in forging thickness,   due to 
volume or temperature variations in 
the stock,   are also smaller in a 
stiffer press. 

Very often the stiffness of a press,   given 
in tons/inch,   is measured under static loading 
conditions.    Such measurements are misleading, 
and for practical use the stiffness of a press must 
be determined under dynamic loading conditions. 

DESCRIPTION OF EXPERIMENTAL WORK. 
EQUIPMENT, AND INSTRUMENTATION 

Purpose and Scope of Experimental Work 

Under unloaded conditions,   the station- 
ary surfaces and their relative positions are 
established by clearance in the gibs,  parallelism 
of upper and lower beds,   flatness of upper and 
lower beds,   perpendicularity of slide motion 
with respect to lower bed,   and concentricity of 
tool holders. All these machine character- 
istics affect the tolerances in the forged part. 
However,   characteristics under load and under 
dynamic conditions are much more significant. 
The tilting of the ram and deflections of the ram 
and frame,   particularly under off-center loading, 
may result in excessive wear of the gibs,   in 
thickness deviations in the forged part,   and in 
excessive tool wear. 

The stiffness of a press (C),   i.e.,   the 
ratio of the load (LM' '•0 t^e total elastic deflec- 
tion (d) between the upper and lower beds,   can 
influence the forging process as follows:'^' 

•   The deflection energy (Ej) stored in 
a press during a forging stroke is 
given by 

r/2 = LMZ/2C     . (4-3) dLx Ed = aLjM' 
Consequently,  with decreasing stiff- 
ness,   C,   the amount of energy lost 
into deflection,   Ej,   increases.    This 
is particularly significant in me- 
chanical and screw presses. 

The stiffness influences the velocity- 
versus-time curve under load.    Since 
a less-stiff machine takes more time 
to build up and remove pressure,   the 

The purpose of the present investiga- 
tions  is to develop test methods and to demon- 
strate their application       determine the most 
significart characteristics of the forging presses. 
These tests must be practical and relatively 
simple so that they can be conducted easily by 
the press manufacturers as well as by the press 
users in a forge shop.    The lest methods will 
allow the objective comparison of two machines 
of the same type but of different makes (such as 
two hydraulic presses) or of two different ma- 
chines,   such as a screw and a mechanical press. 
Press characteristics must be determined under 
conditions which exist during forging.    For 
example,   the parallelism of the press  ram and 
bed determined under unloaded conditions and 
the press stiffness determined under static con- 
ditions are of little value in evaluating the per- 
formance of a press under dynamic loading 
conditions. 

Three different presses were used in 
the experimental portion of the present investi- 
gation.    A 700-ton hydraulic press and a 500-ton 
mechanical press with scotch yoke design which 
are installed at the Metalworking Laboratory of 
Battelle's Columbus Laboratories were used. 
The 400-ton screw press was a production press 
in the Brave,   Pennsylvania plant of the Accurate 
Brass Corporation. 

The following significant press charac- 
teristics were evaluated for the three presses 
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teristics 

Press 

Capacity, 
tons 

Dynamic 
Stiff- 
ness 

Production 
Rate/ 
Energy 

Ram Tilting, 
Load Increase 
in Off-Center 
Loading 

Ram Speed, 
Contact Time 

Hydraulic     Mechanical     Screw 

700 500 

X 

X 

400 

X 

X 
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hydraulic oil as working medium,   and the ram 
speed is adjustable between 0. 1 and 80 ipm.    A 
typical sequence of operations in this press is as 
follows.    The upper ram falls under gravity and 
oil is drawn from the reservoir into the ram 
cylinder by the suction created in the free fall. 
When the ram contacts the workpiece,   the valve 
between the ram cylinder and the reservoir is 
closed and the pump builds up pressure in the ram 
cylinder.    When the ram reaches a predetermined 
position,   or when the pressure reaches a certain 
value,   the pressure is released and diverted to 
lift the ram.    There is a certain dwell time after 
the ram touches the workpiece and before the 
deformation proceeds.    Another dwell time exists 
after the stroke is completed and before the ram 
is lifted up.    A typical oscillograph recording, 
illustrating the variation of ram displacement 
and of the press load,    is given in Figure 4-4. 

Hydraulic Press 

The vertical 700-ton hydraulic press 
shown in Figure 4-3 is direct driven,   upes 

This press was instrumented-- with two 
displacement trandsducers; a resistance type 
with 36-inch travel and an inductive type (LVDT) 
for 4-inch travel.    For load measurement,   four 
strain bars were attached on the columns of the 

FIGURE 4-3.    BATTELLE'S 700-TON,   DIRECT-DRIVE,   VARIABLE- 
SPEED HYDRAULIC PRESS USED IN FORGING TRIALS 

Details of instrunienlalion are rlescribed in 
Chapter 2 (topical report). 
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Loading- 

4Un-     J 
- loading-" 

Time 

Curves:      A — Load from column strain gapes trace 
B  -  Load from 13LI1 hydraulic pressure 

transducer trace 
C — 36-inch displacement transducer 

trace 
D —  1-inch displacement transducer 

trace 

Lines:       1. Specimen contact 
2. Dwell before deformation 
i. Activation of 1-inch 

transducer 
4. Maximum load 
5. Press deflection 
b. Unloaded press 
7. Dwell before ram retraction 

FIGURE 4-4.    A TYPICAL ÜSCILLOGUAPH RECORDING OBTAINED DURING 
FORGING IN THE 70Ü-TON HYDRAULIC PRESS 

FIGURE 4-5.    BATTELLE'S 500-TON SCOTCH YOKE MECHANICAL 
PRESS WITH THE STRAIN BARS AND LVDI 
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press and calibrated by using a 700-ton precali- 
brated load cell.    A strain bar acts as a me- 
chanical amplifier.    The elongation, which 
occurs during loading of the press along the 
length of the bar,   is concentrated mainly on the 
reduced section of the bar where strain gages 
are located.    Thus,  good strain response with- 
out signal noise is obtained in recordings. 

Mechanical Press 

The mechanical press used in the pres- 
ent study is the newly installed 500-ton eccen- 
tric Erie press with scotch yoke design shown in 
Figure 4-5.    As in all mechanical presses,  the 
drive of this press is basically a slider-crank 
mechanism that translates rotary into recipro- 
cating linear motion.    The eccentric shaft is 
connected through an air-operated,  multiplate 
friction clutch directly to the flywheel (seen on 
the right side of the press in Figure 4-5).    The 
flywheel,  driven by an electric motor and "V" 
belts,   stores energy that is used only during a 
small portion of the eccenter revolution,  namely 
during deformation of the forged material.    The 
constant clutch torque is available at the eccen- 
tric shaft which transmits the torque and the 
flywheel energy to the slide through the scotch 
yoke mechanism,   illustrated in Figure 4-6. (1) 

In this design,   the ram contains a top and bot- 
tom eccentric block which retain the eccentric 
shaft.    As the shaft rotates,   the eccentric blocks 
move in both horizontal (front to back),  and 
vertical directions while the ram is actuated by 
the eccentric blocks only in vertical direction. 

Eccentric shoff 

r^pC blocks, 
'   / ,      mov« I and-«-»- 

- PrtH 
slide, 

moves j 

Guides 

FIGURE 4-6.    PRINCIPLE OF THE SCOTCH 
YOKE TYPE DRIVE FOR  ERIE'S MECHANICAL 
FORGING PRESSES' 1) 

This mechanical press,  rated 500 ton at 
0.25 inch before bottom dead center,   is a high- 
speed forging press.    It has a stroke of 10 inches 
and a nominal idle speed of 90 strokes/minute. 
The press was instrumented to measure displace- 
with an inductive transducer (LVDT),   and load 
with strain bars attached on the four columns of 
the press,  as indicated in Figure 4-5.    The LVDT 
was calibrated by comparing the known displace- 
ment of its core with the voltage output obtained 
on an oscillograph recording.    The stra.n bars, 
each consisting of a full strain-gage bridge with 
four active arms,  were wired in parallel arrange- 
ment,   seen in Figure 4-7.    Thus,  four of the 
350-ohm strain gages (one from each strain bar) 
make up each arm of the resulting bridge.    This 
bridge,   formed by the four strain bars,   was 
calibrated using a load cell.    During calibration, 
shims of gradually increasing thickness were 
placed upon the load cell and a press blow was 
struck.    Thus,   at each new stroke a gradual in- 
crease in load and comparison between the out- 
puts of the load cell and the strain bars were 

Strom bar bridges 
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FIGURE 4-7.    ARRANGEMENT OF WHEATSTONE 
BRIDGES ON THE FOUR STRAIN BARS AT- 
TACHED TO BATTELLE'S 500-TON MECHAN- 
ICAL PRESS 

(Under load, gages Rj and R3 are in tension and 
gages R2 and R4 are in compression.) 
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Moqnels; 

/—Dry cell battery 

Output to 
recorder 

Magnetically 
actuated switches 

Press 
flywheel 

FIG'JRE 4-8.    ILLUSTRATION OF THE TECH- 
NIQUE USED FOR MEASURIiNG FLYWHEEL 
VELOCITY IN THE MECHANICAL PRESS 

Loading — UokMding 

Time After Start- 

(The magnets attached to the flywheel ptss 
by th^ switches and send eight signals to the 
rec jrder during each revolution.) 

obtained.    To measure the flywheel speed,   two 
magnetically operated switches were placed on 
the housing of the flywheel,   anü four magnets 
were attached to the flywheel of the press.    Tie 
principle of this arrangement and the circuitry 
used are seen in Figure 4-8.    With this very 
simple setup,   a signal on the oscillograph was 
obtained at every 1/8 revolution of the flywheel. 
Using the time marker of the oscillograph,   the 
disU nee or the time lapse between two signals 
was measured and thus,   the variation of the fly- 
v/heel velocity was obtained.    A typical oscillo- 
graph recording,   obtained during forging in the 
mechanical press,   is illustrated in Figure 4-9. 

Screw Press 

The screw press used in present investi- 
gations is a Weingarten PSS 225 with direct 
electric drive,   as shown in Figure 4-10.    This 
press,   using an electric drive (o accelerate the 
flywheel and the screw assembly,   converts the 
angular kinetic energy into the linear energy of 
the ram.    As illustrated in Figure 4-11,   a 
reversible electric motor is built directly on 
the screw and on the frame,   above the fly- 
wheel. '   '   The screw is threaded into the ram 
and does not move vertically.    During a down- 
stroke,   the motor accelerates the flywheel and 
the screw,   and the ram starts its downward 
motion.    The flywheel energy and the ram speed 
continue to increase until the ram hits the work- 
piece.    Thus,   the load necessary for forging is 
built up and transmitted through the ram,   the 
screw,   and the bed to the press frame.    When 
the entire energy of the flywheel is used in de- 
forming the workpiece and elastically deflecting 

FIGURE 4-9.    A TYPICAL OSCILLOGRAPH 
RECORDING IN AN ECCENTRIC-TYPE MECHAN- 
ICAL FORGING PRESS 

the press,   the flywheel,   the screw,   and the ram 
stop.    Axial elastic loading of the frame and 
axial and torsional straining of the screw rotate 
the screw in the reverse direction and the ram 
disengages from the workpiece.    At this time 
the electric motor is reversed and lifts up the 
ram to its initial position. 

This screw press has a nominal rating 
of 400 tons load (2250 m-kg),   97.2 in. -tons 
energy,   with a production rate of approximately 
30 strokes/minute.    The manufacturer specifies 
a maximum ram velocity of (0. 64 m/sec) 2.1  ft/ 
sec at a maximum stroke of 15.8 inch.    The 
static stiffness of the press is given as (300 ton/ 
mm) 8400 tons/inch.    The press was  instrumented 
with an LVDT for recording the ram displacement 
versus time.    The load was measured by means 
of a load cell placed directly under the lower die. 
A typical oscillograph recording,   obtained 
during forging in the screw press,   is given in 
Figure 4-12. 

DYNAMIC PRESS STIFFNESS 

Provided the oil pressure is ade^ual-e 
for supplying the forging load,   the hydraulic 
press always has sufficient energy to perform 
the forging operation.    Closed-die forging,   in 
hydraulic presses,   is done usually with "kissing" 
dies.    Thus,  the stiffness of a hydraulic press 
is of minor si'aificance because it does not 
influence the part tolerances or the energy 
behavior. 
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FIGURE 4-10.    WEINGARTEN SCREW PRESS WITH DIRECT ELECTRIC 
DRIVE AND REVERSING MOTOR (Courtesy Weingarten) 

Looding Onioodng 

Screw 

Slide 

Time   «lor Slort 

FIGURE 4-11.    SCHEMATIC OF THE DIRECT 
ELECTRIC DRIVE SCREW PRESS WITH 
REVERSING MOTOR 

FIGURE 4-12.    A TYPICAL OSCILLOGRAPHIC 
RECORDING OBTAINED DURING FORGING IN 
A SCREW PRESS 
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Dctcriiilnal Ion ol  Dynamit   SlUliir«« < lianunl iltirlnti Ihr l««l«.     ..rail ••mpl«*,   abciul 
in the Met h«iili dl  I'rc«« I   im h »((uarr  ami   I    S Im lira  IIIKII,   were |ilai »il 

i'i).i ■.» un.ti r I •,    S   iii. hr.  In Ihr   «Ulr  ill   llir  <ii|i|iei 
o.iiir|.l ■■       A ■   iii'li. .it ••■;   ii,   I .il.l ■-    t    I ,    im r ra* lli|| 

I lir ilyiianilt    tililln.-nn   la   |i.i rl !• nl.n I , llir  aprt Hurl) •llmtirlrr  Im rroanl Ilia   |II«I| 

fl|tniftcanl  in a im-, h.ini. .il prefi  ■ire« n rci|uirr<l lor (orgtnii llir t upper  nan.pi.«      Altrr 
inftuencea   Ihn knraa  loir ram ea  nt  furtie'l pari ■ rai h I r lal,   I lie   1 mal hrlglil ul  l lir lur unl  Ira I 
.ill rilml.ililf In (hit lu.ili'iiin   in altit It Irnipcralurr, aaMipIr  waa   Miraaiirnl       I lila  lirl^lil   waa 
Volume,   dii<l  lodtl  varlatiuna lit-lwcrn l«r|!ll>K tuiiipaml lo llir  final lirl^lil  al a  Iral   aamplr 
• Irokei.     Cloae lnrKinu  lolrrant ra arr ulilainrd |iirK<"l alonr llliua   retjnirinu prat In ally mi luadj 
in a mechanical prra»  oprratnl  wllli "killing" I hrar iliffrrrm ri  In ihr hritjhlB  nl  Irail  aamplra 
(lira.     The prraa  muat lie prrlnadnl  an thai Ihr Kavr Ihr Inlal  ^rraa ilaflei lion aa a  (unilton ol 
<I|FN ailll "kiaa" at  Ihr butlom dead t ruler luad. 
drapilr ihr rlanlit   alrrlt luli)I of thr prraa ilurmg 
("ruing.     I hr aniounl ol  required prrloadinu I hr variation ul total prraa ilrllrt timi 
intreaael  with dec reaetng prraa  alillnraa. vrraur   (ui ging  luad,   obtamrd from Ihrar mpm 

iiini'a,   ik illualratrd in I itiurr -i   I t      During 
1 hr total  elaallc deflertiun «1 ihr prraa, ihr  iniii.il noiilinrar portion til ihr rurve,   ihr 

I.e.,   the acpa rat ion ol the I up ami bottom dir a play in thr prcaa driving »yalrni la lal- rn up. 
from eath uihvr undrr load,   ia influenced hy ihr Ihr linear porlion,   heuinning ai approximately 
hr ml inn of the pre» a crown and bed,  the < I retch- SO ton»,   ropreae'ta the at tuat elaatl«   def lei lion 
IHK nl the prraa  framr,    anil the dcflecliun of <>( Ihr preaa  . oniponenll.      I hr  alt.pr uf ihr 
the dnvr met haniam      Becauae of ila tcutch linear  curve  la  the ciynamlt   »liffneaa  which wa» 
yoke deaijjn,   '.he prraa  evaluatctl  m the prraenl determined lo be SB0Ü tuna/inch (or ihe S00   ton 
study wa» expetied to he  »tiffcr than comparable t-.rir forging pre»» 
(orninf; prraae». 

Ihe method,  deicnbed above,   rrquin-a 
In order  to meaaure the tlynanut   itlff- the meaeuremrnl  of thr load in  for^inK annealnl 

ne.i» of the mechanical prraa,   2-inch-hlgh cupper aampleh      When matrumentatlun fur load 
copper aamplea of variuu» «liameter« wen and diaplat enn-i.l   would he impratllial  (or  loryr 
forned under on-center conditiona to the final uhop iiiraaurernrnia,  the flow atreaa of ihe 
height ol approximately   1   inch,    1 able -1-1.    AH cupper  can he uard  for eatimallti); the  load and 
m other inveiiti(jat lun»,   the samplea  were mad« the rneruy '"r  a  given reduction in height.     I   ie 
of wrought pure electrolytic topper,   annealed details of ihm approximate approach are given 
1  hour at  '*00 F.'   ■ '     'I he preaa  »etup waa nut elacwhcre. ''*' 

fABLE 4-1.    COPPKR SAMPLES FORÜKI) UNDER ON-CENTER CONDITION 
IN THE 500-TON MECHANICAL PRESS 

Reduction in height *  50 perit-n'.. 

Sample Si/.e, Predicted''' Measured       Predicted'   '       Measured 
 inches  Lead, Forged Height'   ' Load, Energy, Hlneryy, 

Sample       Height       Diameter tuns of lead,   inches 

1 2. 00 1. 102 

I 2. 00 1. 560 

i 2. 00 2.241 

4 2. 00 2. 510 

S 2.00 2. 715 

6 2. 00 2.995 

4H 0.993 

96 1. 00K 

197    i 1.027 

247 1. 034 

289 1.043 

352 1. 052 

ons in. -tons in. -tuns 

45 24 29 

lOh 4H 6 0 

210 '   98 120 

253 124 140 

29 0 ".44 163 

350 176 175 

(1) Based on an estimate of 50,000 psi flow stress ^or cupper at  50 percent  reduction in height. 
(2) Estimated by assuming that the load-displacement curve has a triangular shape,   i.e. , 

energy = 0. 5 x load x displacement. 
(3) Press-deflection measurements were based on these values and on the forged height of small lead 

sample (0.972 inch) which was forged alone and required less than 5 tons. 
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»oo 

Snthwtt .   i£S. .*«oo io<H/«f 

OOK 00*0 00*0 00*0 0.00 

Total'^«MOafMciafi. nek 

FIGUR K Ali     TOTAL I'KKSS DEFLECTION 
VERSUS PRESS LOADINC OBTAINED UNDER 
DYNAMIC FORGING CONDITIONS FOR A 
SOO-IÜN ERIE SCOTCH-YOKE PRESS 

Dynamic Sliffiir«»  in the Screw 1'rrii» !1 

I  Hu.illy,   in lor^in»; in a «crew pref«, 
the- rile» "kiss" rluiuu'  each Ijluw.      Ihua,   while 
the tlilliu-»« of the prea« doe« nut  influence the 
ihickne»» tulerancei of the forced part,   it 
<1< liM-minrs  the amount  of energy  lost  into press 
deflection and it  ir.fluenceg  the contact time. 

I fit- static  stiffneaa of the 400   ton 
Weingarten icrew presii,   used in the preuenl 
s'.udy,   was Riven by the manufacturer as 
8400 tons/inch.    This stiffness is measured by 
the manufacturer,   by loading the press  statically 
with a hydraulic jack,   and measuring the separa- 
tion of the dies at various load levels. Thug, 
this stiffness does not include an allowance for 
the torsional stiffness of the screw which occurs 
under dynamic conditions.    As pointed out by 
Waterman'''',   who conducted an extensive study 
on the efficiency of screw presses,   the torsional 
deflection of the screw may contribute up to 
30 percent of the total losses at maximum load 
(about 1.5 times nominal loadl.    In this caso. 
the axial deflection of the screw may contribute 
50 percent,   and the friction in the screw 20 per- 
cent to the total losses  in the machine.    On 
the basis of experiments conducted in a smaller 
Weingarten press (Model PlbO,   nominal load 
180 metric tons,   energy 800 kg-m),   Watermann 
concluded that the dynamic stiffness  was 
0. 7 times the static stiffne"^.            Assuming 
that this ratio is approximately valid for the 

|.ir«ri.l   |.ic*«      (ha  •lynaiiili   •iKfnaa*   la   U    /   « 

MUU  •  '■ MJD loits/lfu I. 

Durtfin  m liummtrukm,   ilia total  ■-. <-. , , 

auppliad l>y a •■ raw pr««l    I   j i la aqual  I" tli« 
• mi. ul  u.a. i,ii.r   anarny avallalilr  lot  ilalurrtiall»n 

'•.'..'.   anargy rir i aaaar y tu nt or • mnr Irli (tmi  in 

I ha preaa  dnva ( Ejl,   «Ixt ri r i ^ ,   iirica>ai>   in 

alasllially ilefleil  thr praa* iFl)1        ' >>"■, 

I *M •  Kj   •  f 1) 14    1 

L'alng   fc^ualluii |4    II  to  nprna   I  ij, 

In Irin.«  ufpreaa  alildir**,   <  ,   Kquailuo i4   41 

can be wrlllrn aa 

y i-M '   l-M     " 14 -M 

In a lor|{inti leal,  ihr energy used fur 
delurnial Ion iln.ii   laurlacr area under thr  |i<a<l 
diaplac rnirnl  curve)  and thr maximum (urging 
load II.M' l*n ,,r "blamed (rum uac illo^ raph 
recunlinga.    My conaidrring aiMiultanruiialy twn 
leala,   conducted a( ihe sdiiir energy aelling,   and 
by asauming thai  I )    remain« cunatanl during 
(hrae leata,   one equation with one unknown,   (', 
can be derived from Kqualion (4-S).     However, 
in order to obtain reaaonablr accurac y,   it  ia 
nececaary that in both leal« cunaidrrable prra« 
deflection be obtained,   i.e.,   high load« ll.\(i 
and low deformation energies (Kci* are meaaured 
Ihua,   the errors  in calculating  Kj^ do nut   impair 
the accuracy of the aliffneas c ale ulat lona . 

The practical pr-icedure,   deacribed 
abo%e,   could not be used in the present study 
because the capacity of the load cell uaed  in 
acrew-preas experiments was  limited to  500 Ions 
and the preaa should be loaded in KOO-IOOO ton 
range in order to obtain reasonably accurate- 
stiffness  values  from Kqualion (4-5).     However, 
using the approximate dynamic stiffness  value, 
C  -  5900 tons/inch,   and the results of a copper- 
upset test,   ihe approximate energy distribution 
can be estitnalcd from Equation (4-5).    With 
E M 79. 7 in. -ton,   L M £ 1 Z tons  ( obtained 
from experiment),   K r      "''  2 in.-ton (manu- 
facturer'« specification),  and C  - 5'<00 ton-inch, 
the following values  are obtained 

Deflection energy, 
ED -  L[vi^/2C  =  3.8 in.-tons 

Friction energy, 
Ep-  =  E-j-  -  EM  -  E[3      13. 7 in. -Ions 

Thus,   for this specific experiment  Ihe 
friction energy (Ef)  consisted of about   14 per- 
cent,   and the deflection energy (Kpl  of about 
4 percent of the total  energy while Ihe rest  was 
consumed in deforming the part. 
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P R O D U C T I O N R A T E V E R S U S E N E R G Y IN 
T H E M E C H A N I C A L P R E S S 

4-12 
82 t o n - i n c h e n e r g y is r e q u i r e d to o v e r c o m e the 
f r i c t i o n a l and i n e r t i a l r e s i s t a n c e d u r i n g a 
d o w n s t r o k e . 

In h y d r a u l i c and s c r e w p r e s s e s , t h e 
m a x i m u m p r o d u c t i o n r a t e of t h e p r e s s , i . e . , 
n u m b e r of s t r o k e s p e r m i n u t e , d e p e n d s l a r g e l y 
on the s t r o k e l e n g t h u s e d a n d it i s no t s i g n i f i -
c a n t l y i n f l u e n c e d by t h e e n e r g y r e q u i r e d by t h e 
d e f o r m i n g m a t e r i a l . In m e c h a n i c a l p r e s s e s , 
h o w e v e r , t h e f l y v h e e l s l o w s d o w n d u r i n g e a c h 
s t r o k e and s u p p l i e s t h e e n e r g y a v a i l a b l e f o r t h e 
p r o c e s s ( E j ^ ) , t h e e n e r g y n e c e s s a r y to o v e r -
c o m e t h e i n e r t i a l and f r i c t i o n a l r e s i s t a n c e in 
t h e d r i v e m e c h a n i s m ( E p ) , and the e n e r g y 
n e c e s s a r y to d e f l e c t t he p r e s s ( E p ) . T h e t i m e 
n e c e s s a r y f o r t he f l y w h e e l to r e a c h i t s i d l e 
s p e e d , b e f o r e s t a r t i n g t h e n e x t s t r o k e , w i l l be 
p r o l o n g e d if too m u c h e n e r g y i s l o s t f r o m the 
f l y w h e e l . T h e r e f o r e , t h e e n e r g y c a p a c i t y of a 
m e c h a n i c a l p r e s s i s known on ly if a c u r v e d e -
s c r i b i n g the a c t u a l s t r o k i n g r a t e v e r s u s 
a v a i l a b l e e n e r g y p e r s t r o k e is k n o w n . 

F o r t h i s p u r p o s e , t he r e s u l t s of t he 
o n - c e n t e r c o p p e r - f o r g i n g t e s t s , g i v e n in 
T a b l e 4 - 1 , w e r e u s e d . D u r i n g e a c h s t r o k e , t h e 
t i m e r e q u i r e d by t h e f l y w h e e l to r e c o v e r 99 p e r -
c e n t of i t s o r i g i n a l v e l o c i t y w a s m e a s u r e d . T h e 
d e f o r m a t i o n e n e r g y and the m a x i m u m load 
r e q u i r e d by e a c h s a m p l e w e r e o b t a i n e d f r o m the 
o s c i l l o g r a p h r e c o r d i n g s . T h i s i n f o r m a t i o n w a s 
s u f f i c i e n t to o b t a i n t he p o s s i b l e p r o d u c t i o n - r a t e -
v e r s u s - e n e r g y c u r v e , g i v e n in F i g u r e 4 - 1 4 . 

R A M T I L T I N G A N D L O A D I N C R E A S E IN 
O F F - C E N T E R F O R G I N G 

O f f - c e n t e r l o a d i n g c o n d i t i o n s o c c u r o f t e n 
w h e n s e v e r a l f o r g i n g o p e r a t i o n s a r e p e r f o r m e d 
in t h e s a m e m e c h a n i c a l p r e s s . E s p e c i a l l y in 
a u t o m a t e d m e c h a n i c a l p r e s s e s , t h e f i n i s h b low 
w h i c h r e q u i r e s t h e h i g h e s t load o c c u r s on o n e 
s i d e of t he p r e s s . C o n s e q u e n t l y , t h e i n v e s t i -
g a t i o n of c f f - c e n t e r f o r g i n g is p a r t i c u l a r l y 
s i g n i f i c a n t f o r m e c h a n i c a l p r e s s e s . 

T h e o f f - c e n t e r l o a d i n g c h a r a c t e r i s t i c s 
of t h e 5 0 0 - t o n m e c h a n i c a l p r e s s w e r e e v a l u a t e d 
in f o u r t e s t s a s f o l l o w s . C o p p e r s p e c i m e n s , 
w h i c h r e q u i r e d 220 t o n s t o f o r g e , w e r e f o r g e d 
5 i n c h e s f r o m the p r e s s c e n t e r in e a c h of f o u r 
d i r e c t i o n s , i . e . , l e f t , r i g h t , f r o n t , and b a c k . 
L e a d s p e c i m e n s , w h i c h r e q u i r e d no t m o r e t h a n 
5 t o n s f o r f o r g i n g , w e r e p l a c e d a n e q u a l 
d i s t a n c e on t h e o p p o s i t e s i d e s of t h e c e n t e r . T h e 
c o m p a r i s o n of t h e f i n a l h e i g h t of t h e c o p p e r and 
l e a d f o r g e d d u r i n g t h e s a m e b low g a v e a good 
i n d i c a t i o n of t he n o n p a r a l l e l i s m of t he r a m a n d 
b o l s t e r s u r f a c e s o v e r a 1 0 - i n c h s p a n . T h e 
r e s u l t s a r e g i v e n be low: 

En«rgy Uwd During Forging, inch - tons 

F I G U R E 4 - 1 4 . M A X I M U M S T R O K E S P E R 
M I N U T E VERSUS E N E R G Y A V A I L A B L E IN T H E 
5OO-TON M E C H A N I C A L E R I E P R E S S 

T h i s c u r v e a l s o i n c l u d e s t h e e n e r g y n e c e s s a r y 
to d e f l e c t t h e p r e s s . D u r i n g a f o r g i n g s t r o k e , 
in o r d e r to o v e r c o m e i n e r t i a l a n a f r i c t i o n a l 
r e s i s t a n c e , t h e f l y w h e e l s l o w s down b e f o r e 
h i t t i n g t h e p a r t . T h i s s l o w d o w n c o r r e s p o n d s to 
a n e n e r g y l o s s of a b o u t 7 p e r c e n t of t h e t o t a l f l y -
w h e e l e n e r g y of 1170 i n . - t o n s ( c a l c u l a t e d f o r a 
f l y w h e e l r p m of 92 f r o m t h e m o m e n t of i n e r t i a 
of r o t a t i n g p a r t s ) . T h u s , a p p r o x i m a t e l y 

P o s i t i o n of C o p p e r 
S p e c i m e n 

F r o n t 

B a c k 

R ight 

L e f t 

D i f f e r e n c e in D e f l e c t i o n 
( 1 0 - I n c h Span ) , i nch 

0.035 

0. 032 

0. 032 

0. 029 

In c o n d u c t i n g t h i s c o m p a r i s o n , t h e l o c a l e l a s t i c 
d e f l e c t i o n of t h e d i e s in f o r g i n g c o p p e r m u s t b e 
c o n s i d e r e d . T h e r e f o r e , t he f i n a l t h i c k n e s s e s of 
t he c o p p e r s a m p l e s w e r e c o r r e c t e d to c o u n t e r -
a c t t h i s l o c a l d i e d e f l e c t i o n b e f o r e c a l c u l a t i n g 
the d i f f e r e n c e in d e f l e c t i o n . 

It i s s e e n t h a t , in o f f - c e n t e r l o a d i n g 
wi th 220 t ons ( o r 44 p e r c e n t of n o m i n a l c a p a c i t y ) , 
an a v e r a g e r a m - b e d n o n p a r a l l e l i s m of 0 . 0 3 8 i n c h / 
foo t w a s m e a s u r e d . In c o m p a r i s o n , t he n o n -
p a r a l l e l i s m u n d e r u n l o a d e d c o n d i t i o n s w a s a b o u t 
0 . 0 0 2 i n c h / f o o t . B e f o r e c o n d u c t i n g t h e e x p e r i -
m e n t s d e s c r i b e d a b o v e , t h e c l e a r a n c e in t he p r e s s 
g i b s w a s s e t to 0 . 0 1 0 i n c h . T h e n o n p a r a l l e l i s m 
in o f f - c e n t e r f o r g i n g would i n c r e a s e wi th 
i n c r e a s i n g g ib c l e a r a n c e . 
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• ra (•••••«.l •gatiKl ii.c (ii.«       t >>• uliti.g  uf 
ih« ran» ■•>.»•• • mom*MI ami ail<ltltunal 
Irltttun I'.i. «• in ih« gii.«,   aa aaan Hi I Ig 
ura *   I '■       Ihua,   al itiaaa carnari  lha glba  ara 
• laalUalty daformad ami Itta praaa  Irama la alt» 
alraii ha<l ami baM      Waianitaim '■••  Invaallgalot 
a ac raw (trail Hi ilalall   ■',!     Ity «aauming  lhal 
lha huriauitlal (unaa on ilia gib« ara |. .n.i  l<>a>l*, 
II la puaalbla lo aailiiiala lit«  imraaaa in preaa 
!•■• I  frufit lha alalli   (orca ami l<iri)ua aqutll 
Miiiii.   ''''     t haaa aalUiialluna,   howavar,   ara 
ralhar appruatnvala.     An iccurali pUlura ul 
lha praaa ilallaiilun an<l luaila in od-canlar 
lurgUtg can ba ublatnad only Ihruugh ailanalva 
aapar linanlat aluillea  ami alraaa analyaaal'" 

Prilt cofcynni and i>ti» 
Hottf\ mottOft 

FIGURt 4-15.    SCHEMATIC OK FORCES IN 
OFF-CENTER LOADING OF A PRESS*'^ 

(|i = coefficient of friction.) 

EVALUATION OF RAM SPEED 
AND CONTACT TIME 

In forging,   increased contact times 
may result in increased friction,   more severe 
cooling of the surface layers of the forging by 
contact with the dies,  and in increased flow 
stress of the forged material because of exces- 
sive cooling.    The ram speeds and the contact 
times can be readily obtained from oscillograph 
recordings.    However,   to evaluate the direct 
effect upon the forging process,   it is necessary 
to investigate how metal flow and flow stress 
varies with contact time and ram speed.    For 

ilii» purpoaa,   lha »all   knu»n ring   imtifiraaalun 
I aal  «aa uaa<i 

I'fUittplaa and Applt« alton u( lha H tl»j|   1 aal 

t ha  ring laal   la  uaail pi linaf lly  (of 
mvaai igalln« (ruiluii in ' ■■' « ü-t. i '''■ ''     ami lor 
avalualing  (urging  lubriianl« al  varluua  (orglng 
< omliiiuna     '''   Hacanily,   howavar,  u la aiiu 
balng uaa<) (or •lalaritiltiing lha (l«ar atrsaa uf 
forgad nialar la la   11*', (HI    Tha tail conallli ol 
upaalllng a  (lal,    ring   ahapxl apat linan lu a 
known raciutllun       lha • hai.ga in Inlcrnal aiwt 
sslernal itlainalara ul lha  lurga<l ring  la  vary 
nun h ilepemlanl  upon lha  (rltliun al lha luul 
■ pet litian liilcr(ata       lha  Inlarnal •llameler ul 
Ihr  ring la   retluratl  ll lha  lniar(a>c Iriillun ta 
lar^r,   ami   II  la  Hit reaaetl  |( the (rltliun la  I..* 
Thus,   the  t hange  In the  Inlarnal ring •llamelrr, 
beluro ainl «der  upaelllng,    repreaanli a  aimplr 
inelhtM) (ur  evaluall/tg inler(aie friction. 

Ihr  ii.In la. c-  (rltliun  ahear  alrraa  1*1 
la  cxprraard by 

in 
{*■<.) 

where 

(      friction («nor     ~,   0 •. ( •.  0   ST? 
\ 1 

m - shear factor,  0 v  n> <   1 

-  flow alreas uf (urgetl mairnal. 

I u obtain the niagmludtr of the friction 
factor,   thr internal diameter uf the upaet ruiK 
mu»! be compared with the valuea predicted by 
uaing various friction factors.     The present 
study used a computer program,   developed at 
Hattellc-'s Columbus  Laboratorien .'',,|    This 
computer program simulates the ring-upsetting 
process for given shear factors (m) by including 
the bulging of the free surfaces.    Thus,   ring 
dimensions  for various  reductions and »hear 
factors (m)  can be determined,   and theoretical 
calibration curves can be generated for  rings 
of different dimensions.    Calibration curves 
are given in Figures 4-16,   4-17,  and 4-18 for 
the rings having OD x ID x thickness ratio of 
6:3:2,   6:3:1,   and 6:3:1/2,   respectively.    Rings 
having these dimensional ratios were used in the 
present study. 

The computer program,   simulating the 
ring-upsetting test,   can be used for predicting 
the average flow stress of the forged ring 
material,  provided the forging load has been 
measured during the test.'     '   For this purpose, 
the ratio of the forging load to the average 
instantaneous flow stress (Load/?ave) is 
calculated for various shear factors,  m,   and for 
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Reduction in Height, percent 

F I G U R E 4 - 1 6 . T H E O R E T I C A L C A L I B R A T I O N 
C U R V E S F O R U P S E T T I N G A RING HAVING OD, 
ID, AND T H I C K N E S S DIMENSIONS IN A R A T I O 
O F 6:3 :2 

Reduction in Height, percent 

F I G U R E 4 - 1 8 . T H E O R E T I C A L C A L I B R A T I O N 
C U R V E S F O R U P S E T T I N G A RING HAVING OD, 
ID, A N D T H I C K N E S S D I M E N S I O N S IN A R A T I O 
O F 6:3: i / 2 

03 I 

• 02 

—f-
OK) 

DOS 

Height, p«fce»>» 

F I G U R E 4 . 17. T H E O R E T I C A L C A L I B R A T I O N 
C U R V E S F O R U P S E T T I N G A RING HAVING OD, 
ID, A N D T H I C K N E S S DIMENSIONS IN A R A T I O 
O F 6:3: 1 

v a r i o u s r e d u c t i o n s . F i g u r e s 4 - 1 9 , 4 - 2 0 , a n d 
4 - 2 1 i l l u s t r a t e t he L o a d / ^ g y g v a l u e s c a l c u l a t e d 
f o r 6 :3 :2 , 6 :3 :1 , and 6 : 3 : 1 / 2 r i n g s , r e s p e c t i v e l y . 
T h e s h e a r f a c t o r s , u s e d in g e n e r a t i n g t h e s e d a t a , 
w e r e s e l e c t e d f r o m e x p e r i m e n t a l r e s u l t s 

T h e r i n g - c o m p r e s s i o n t e s t s , c o n d u c t e d 
in a l l t h r e e p r e s s e s , a r e l i s t e d in T a b l e 4 - 2 . 
In t he h y d r a u l i c p r e s s two s p e e d s e t t i n g s , 20 and 
SO i n . / m i n , w e r e u s e d . T h e m e c h a n i c a l p r e s s 
cou ld be o p e r a t e d a t on ly o n e s p e e d . In t he 
s c r e w p r e s s , t he m a x i m u m e n e r g y s e t t i n g w a s 
u s e d but t o o l i n g h e i g h t l i m i t e d t he m a x i m u m 
s t r o k e to 1 3 . 5 i n c h e s ( t he m a x i m u m p r e s s s t r o k e 
w a s 1 5 . 8 i n c h e s ) . T h e r i n g m a t e r i a l s w e r e 
s e l e c t e d s u c h tha t v a r i a t i o n s in h e a t c o n d u c t i v i t y 
( t i t a n i u m v e r s u s a l u m i n u m ) and v a r i o u s d e g r e e s 
of f low s t r e s s v e r s u s t e m p e r a t u r e and s t r a i n -
r a t e d e p e n d e n c i e s ( t i t a n i u m v e r s u s s t a i n l e s s 
s t e e l and a l u m i n u m ) cou ld be o b t a i n e d . T h e 
l u b r i c a t i o n and the s a m p l e and d i e t e m p e r a t u r e s 
w e r e kept u n c h a n g e d in t e s t s c o n d u c t e d in a l l 
t h r e e p r e s s e s . L u b r i c a n t s , r e c o m m e n d e d by 
o n e s u p p l i e r , w e r e s e l e c t e d wi thou t any e f f o r t 
to o p t i m i z e l u b r i c a t i o n c o n d i t i o n s , and u s u a l 
c o m m e r c i a l p r a c t i c e w a s f o l l o w e d in l u b r i c a t i n g 
the s a m p l e s and the d i e s . ( S a m p l e s w e r e d i p p e d 
in t h e c o a t i n g s and the d i e s , at 300 F , w e r e 
s p r a y e d wi th g r a p h i t e - b a s e l u b r i c a n t . ) 
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Reduction, percent 

A l l the s a m p l e s w e r e p l a c e d on the l o w e r 
d i e , on top of 0 . 0 3 0 - i n c h - d i a m e t e r m i l d - s t e e l 
w i r e , in o r d e r to p r e v e n t d i e c h i l l i n g p r i o r to 
d e f o r m a t i o n . T h e t r a n s f e r t i m e ( t i m e n e c e s -
s a r y to t a k e a s a m p l e f r o m t h e f u r n a c e and to 
p l a c e it on t he l o w e r d ie ) w a s a p p r o x i m a t e l y 
3 s e c o n d s in m e c h a n i c a l and h y d r a u l i c p r e s s 
t r i a l s . H o w e v e r , in s c r e w p r e s s t r i a l s , c o n -
d u c t e d in a f o r g i n g p l a n t , t he f u r n a c e w a s f a r t h e r 
f r o m the p r e s s and the t r a n s f e r t i m e w a s a p p r o x -
i m a t e l y 10 s e c o n d s . T h e e f f e c t of t h i s d i f f e r e n c e 
in t r a n s f e r t i m e s , upon t h e t e s t r e s u l t s , is 
d i s c u s s e d l a t e r . 

R e s u l t s of R i n g F o r g i n g E x p e r i m e n t s 

F I G U R E 4 - 2 0 . L O A D / o DATA 
C A L C U L A T E D F O R 6:3: 1 RING A T VARIOUS 
S H E A R F A C T O R S (m) 
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T h e f o r g i n g c o n d i t i o n s f o r t h e s e e x p e r i -
m e n t s a r e g i v e n in T a b l e 4 - 2 . T h e d i m e n s i o n s 
of t he s a m p l e s w e r e s e l e c t e d s u c h t h a t t h e m a x -
i m u m f o r g i n g load in f o r g i n g the t h i n n e s t s a m p l e s 
would be in t he r a n g e of 500 t o n s . T h u s , t h e 
c a p a c i t i e s of a l l t h r e e p r e s s e s w e r e s u f f i c i e n t 
to p e r f o r m the e x p e r i m e n t s . 
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TAUt.K 4-i.    MATKIUAl-S ANO c:()NI)n |t)N.S HiH KINC-COMI'KKSSION  I K.s I S ( ONDIM  I IJ) 
INA 7i)0-I()N IIVDHAIM.K    I'KK.SS,   SOO-'ION M i:( HANK A1,  I'KI-.SS,   A.NI) 
■Jill)   ION SCHKW   I'KKSS 

i'l\\r naiiir h"!  work  lixil  »ir-rl   lirl vurrr until in all («■III;  Irnipr ruin rr   - 
ID11 I- ,   lurlst r IIIII»II  ■ i '> um riniii lir«. | 

Sainplr Malerul: 
.Suiii(>lr   I rmpr r«lurri,   I: 

I' IIIK   Diinrnniiirii,   ini I. 
(i)l) x  II) x  Thli kncial 

Approximate  Kadui tinn 

In Hi'i^tn ,   per > •• ni 

l.ubr i' at mn Sy item 

Die» 

Spei inu-n 

fiO'i 1   AUimimim 

H00 

i. x   i x i 

'-    X    i   X I 

ti  x   t   x 0 

•^0 

,11)1 

AISI  10) Stainlen 
IH00 

Sie.'I 

t x   I    ixl (.■I 

Aa) i  x   I    ^ x 0. 

j x i. s x o. as"'1 

SO 

11- ?AI-4Mi 
I 7 SO 

4x1    S x  I 

.1x1    S x 0   S 

i  x   I. S x 0, Ji^U) 

SO 

'iraphite  Mpruy''' (ir.iphlte  «pr.iy'''' (ir.iphile  «pray'''' 

Cjiustii' predial *   uraphiii Cilaia-bane coating'''        (il.iBs-b.isc loatinK 

Id)  Due to exi  •■■Ivc  Bialinn,   ihene teKt«,   t ondiu te<l in the hydraulic  pretf»,   were not evaluated. 
(bl   I heue le»l» were not conducted in the hydraulic pre»!* 
(i)   Dellalorye   I 0 S ( Ai henon Colloids  Company). 
(dl  Da^  1 i i  (A. henon Colloid» Company), 
(c)  Deltaloi^e  41  (Ai he«on Colloid»  Company). 

(f)   Deltaloi ye  147 (Acheion Colloid« Company),   glass-baxs lubricant diluted in isopropanol with solid 

contrnt  of  15 pm enl by wpit;)ii,   samples were dipped into the solution prior to heating. 

. 'ie  result» obtained in loi'niny alumi- 
num,   tiiai lum,   and slainle»» steel  riny» to 
reductions  of  SO percent  in height are yiven in 
I able 4-3.     Most data represent the average 
for two sample».     1 he  result»  lor these  sample» 
did not  differ more than  S lo  ID percenl.      I he 
reduction was obtained from the initial and linal 
»ample dimensions,  the load and  the  contact 
limes were obtained from oscillograph  record- 
ings;  the contact velmily was  calculated as  the 
slope of tlie displacement-versus-t ime -1 urvr 
at the start  of forging,     I he shear-lactor  values 
were obtained  from the linal dimensions of the 
rinys by usiny the calibration curves  given in 
Figures 4-10 through 4-18.    The average   flow - 
stress data at maximum reduction,   calculated 
for some of the titanium and stainles.s  steel 
samples,   were obtained by using the measured 
forging load and ihe curves given in Figures 4-19 
through 4-2 1. 

oOtl Aluminum Kings 

The results obtained in forging but) I 
aluminum  rings are given in  Table 4-i.    From 
these data,   the following observations and con- 
clusions are made: 

•    The shear factor (m) is not influenced by 
contact time and deformation speed.     This 

indicates  that  temperature gradients  through 
the thickness of the ring samples were not 
steep enough lo give significantly suffer 
interface surfaces.     This is because aluminum 
is an excellent heal  conductor and the tem- 
perature was probably reduced somewhat 
uniformly throughout  the sample». 

• I lie transfer time,   4 seconds  in the mechani- 
cal and hydraulic press and   10 seconds in Ihe 
screw press,   doe»  not  appear to have any 
major influence on shear factors and load. 
In these experiments the camples had large 
volume-to-surface ratios and cooling in air 
was less significant than il would bo for 
smaller samples.    In fact,   specimen» 
subjected to longer transfer time could be 
forged with smaller loads. 

• In forging  rings  with  o:3:2   ratio,   which have 
large ratio of volume to interface conlaci 
area,   the effect of die chilling appear» to be 
balanced by the effect of strain rate.    Conse- 
quently,   the load does not vary drastically 
with contact time (compare the  results for 
samples A-l,  A-2,   andA-3). 

• The contact  limes  (loading and unloading) are 
shorter in the screw press for rings having 
0:3:1 and b;i:l/<J  ratios,   as seen for samples 
A-7,   A-8,   A-'»,   and A-10.    For rings with 
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I AIILK  l-i.    »ATA OBTAINED WI1II.K  lOHClINC, KINCS IN A HYDRAULIC PRKSS, 
MECHANICAL I'HKS.S,  AND SCREW PKi:.S.S 

Kxpurimont«! cunditiun« arr ^iven in laljie 4-2, the ilata repriment 
tin- .tvi-i'.i^»^ for two aamplrH 

75 

Sh,-ar Contatt flow 

Kacluctidn, Load, Fa, tor,                       ConUct  1 irne ,   »er Veloi ity, Stress, 

To»l I'n»» percent tOIlH tn           I)wrll',,)   Loading Unl oadin^ T otal in. /sec lO3 psi 

Hydraulk,b-e) 

(.06 1 Aluminum 

51,0 2HS 

(J: 3 2 R in^ Katii) 

1. U 4 92 (d! A-l 0,63          1.00            3.60 

A-2 Hy(lraulii(c'e' SI.2 2S0 O.t.S          0.44            0.B3 0. 29 1, S6 (dl 
A-3 Meuhanical'«' Sl.O 260 0. S3            --                0.079 0. 01H 0. 097 26 

A-4 Screw<fl 34.'J li,() 0.49            --                0.0S1 0, 03S 0. OMt. 19 

Hydra..Ut
(b'e| SO. 2 46 S 

6:3:1   Riny Ratio 

u. 42 3. 90 (d) A-S 0.4K          0.92             2. SI, 

A-(, HydraJu :,J'el Sl.O iH6 0.42         0.47            0.S3 0 JS 1 3S (d) 

A-7 Mechanical,,;) 49. H 33H 0. 51            --                0.047 0. 029 0, 076 19 

A-H S. ruw'fl 47.0 27S 0.3S           --                0.041 

6:3: 1/2 RinK Ratio 

0 021 0. 062 22 

A-1» Mechanical'81 45. 7 S20 0.40           --                0. 03H 0. 027 0. 06 S 14 

A-10 S.row'fl 4S.6 400 0.34           --                0.023 0. 017 0. 040 22 

Ti-7Al-4Mo 

6:3:2 Ring Ratio 

r-i Hydraulic"5'e) si.o 2SS 0.72          1.03             2.16 0.31 3. so (d) 

1 -2 Hydraulic(c'e) S2.2 215 0.40         0.43             0.49 0. 29 1. 21 (d) 

1-3 Mechanical'«' 49.0 225 0. 70           --                0.0S6 0.018 0. 074 22 29. 1 

T-4 Screw"1 40.0 250 0.64           --                0.043 0.019 0. 062 20 41. 0 

Hydraulic"5'el 47.7 690 

6:3:1  Ring Ratio 

0.69 3. 2 5 (d) 92. T-S 0.26          1.57             0.99 0 

T-6 Hydraulic" '^l 48. K 335 0. 2H          0.50             0.33 0.37 1 . 20 (d) 43. 1 

T-7 Mechanical161 46.2 275 0.42           --                0.044 0.017 0. 06 1 17 33. 6 

T-B Screw"' 44. H 36 5 0.44           --                0.024 

6:3:1/2 Rinn Ratio 

0. 021 0. 045 22 46, 5 

T-9 Mechani. al'1-'1 
30.8 400 .42           --                0.033 0.020 f). 053 15 56. 7 

T-I0 Screw' ^' 37.ij 445 .20           --                0.019 

AISI 403 Stainless Steel 

0. 018 0. 037 22 68. 0 

Me. hanical16' SI. 1 225 

6:3:2 Ring Ratio 

0. 028 0. 07S 20 31, S-l .34           --                0.047 3 

S-2 Screw'" 47. 3 270 .50           --                0. 040 

6-3-1 R,ng Ratio 

0.022 0, 062 21 38 2 

S-3 Mechanical"'1 51. 2 275 .24           --                0.037 0   02S 0. 062 16 34. 2 

.S-4 Screw""' 4S.fa 330 .32           --                0.026 0. 015 0 041 22 44. 6 

Mechanical'13' 46. 1 330 

6:3:1/2 Ring Ratio 

0. 023 0. nsz 1 1 38. S-S .23            --                0.029 0 

S-6 Screw"1 40.0 390 .32           --                0.020 0.016 0. 03 6 23 47. s 

fa) This dwell,  whirh occurs only in the hydraulic press,   is the length of time that the ram is in contact 
with the specimen before deforniation begins. 

fb) Nominal  ram speed:    ^0 in./nun. 
it ) Nominal  ram speed:    HO in. /min. 
(dl In the hydraulic press,   the contact velocity depends  upon the free fall of the  ram.     This velcuity 

averaged about 10 in. /see. 
(a) The transfer time from the furnace to the press for both the hynraulu   press and the mechanical 

press was about 4 seiondn. 
(f)    The transfer time from the furnace to the screw press was about 10 seconds due to the greater 

distance of the furnace from the press. 
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6:3:2 ratioa,   a direct comparison of the 
mechanical and the screw press,   in terms of 
contact times,   is not possible because of the 
difference in reductions.    However,   the re- 
sults clearly indicate that,   for actual forging 
strokes of 1 inch or less,   the screw press 
gives definitely a shorter contact time than 
the mechanical press. 

The comparison of forging loads for samples 
A-5 and A-6,  A-7 and A-8,  A-9,  and A- 10 
indicates that,   although the shear factors, 
the strain rates,  and the reductions are ap- 
proximately the same,   the load decreases 
with decreasing contact lime and increasing 
deformation speed.    This trend appears to 
be stronger for thinner samples,  as it can 
be seen by comparing the load variations  for 
samples A-7 and A-8 (6:3: 1 ratio! and A-9 
and A-10 (6:3: 1/2 ratio). 

Thus,   in forging aluminum (which is 
an excellent heat conducting material) with 
graphite-base lubricants (which insure good 
heat transfer at tool-material interface) the 
effect of die-chilling on raising loads is signif- 
icant while the effect of strain-iale is not 
significant.    This observation agrees with 
the emperical and practical information avail- 
able in forging practice and explains the 
extensive use of screw presses (up to 30 per- 
cent of Weingarten presses in use in forge 
shops'   ')  for hot forging of alumini'm and 
copper alloys. 

During unloading,   the ram of the screw press 
is pushed back by the elastic energy stored 
in the frame and the screw.    Thereforr,   in 
the screw press,   the unloading time is shorter 
for larger loads,   as it is seen from samples 
A-4,  A-H,   and A- 10. 

Ti-7A 1   4Mo Rings 

The  results obtained in forging 
Ti-7Al-4Mo rings are summarized in Table 4-3. 
from these data,   the following observations and 
conclusions are made: 

•     1 he transfer time,   10 seconds for the screw 
press and 4 seconds for the other presses 
significantly influenced the cooling of the 
samples in the air because these samples 
were small and had large surface to volume 
ratios.    T he calculated flow stresses and 
measured loads are higher for specimens 
forged in the screw press than for those upset 
in the mechanical press lor all sample sizes. 
These differences can not be explained by 
strain rate because the strain rate does not 
vary significantly between operations  in the 
two pres ses. 

• For a particular ram velocity and  reduction, 
strain rate increases as specimen thickness 
decreases.    So does the tendency for the die 
to lower the average temperature of the work- 
piece.    Both higher strain rates and colder 
specimen temperatures result in higher flow 
strengths.    The combined effects are shown 
by comparing flow stresses for samples 
T-3,  T-7,  and T-9 or for samples T-4,  T-8, 
and T-10. 

• The shear factor (m) does not appear to be 
influenced by cooling time in air and by small 
contact time differences found in screw and 
mechanical-press trials. 

• In hydraulic-press trials,   the shear factor 
varies with press speed and contact time for 
the 6:3:2 samples but not for the 6:3:1  rings. 
For the latter,  the forging load increases 
drastically with increasing contact time. 
Thus,   it appears that the 6:3: 1 samples reach 
a lower but more uniform temperature at both 
speeds.    Therefore the shear factors,  deter- 
mined for the 6:3: 1 samples do not reflect 
the effects of die chilling. 

• The contact times are lower in screw presf 
for all sample sizes.    As discussed for 
aluminum samples,   the tnloadirg time in the 
screw press decreases with increasing 
forging load.    A similar trend is not recogni- 
zable in the mechanical press. 

403 Stainless Steel Rings 

The results obtained in forging 403 stain- 
less steel rings are summarized in Table 4-3, 
From these data the following observations and 
conclusions are made: 

• Both the flow stress and the shear factors are 
larger in the screw press.    This is due to 
larger transfer and cooling times  in air 
(10 seconds for the screw press and 4 seconds 
for the mechanical press).     In order to verify 
that the increase in shear factor in the screw 
press was due to increased transfer time 
(lower specimen temperatures),   additional 
experiments were conducted in the mechanical 
and in the screw press.    In these tests a 
scale-preventing coating,   Turco Fretreat, 
was used instead of the glass-base coating, 
Acheson 347,   and the transfer times were 
kept at  10 seconds.    The shear  factor values 
are given below: 

L:      76 

Reduction, Shear 
Ring Ratio Press percent 

49.9 

Factor,   m 

6:3:2 Mechanical 0.37 
6:3:2 Screw 45. 8 0.42 
6:3:1 Mechanical 44   ! 0.26 
6:3: 1 Screw 4-'.0 0.2S 

% 6:3:1/2 Mechanical 4. 0 0.30 
> 6:3: 1/2 Screw 37. 6 0.20 
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These results indicate that there is no 
significant difference in shear factors,  pro- 
vided the transfer time is the same lor both 
presses.    (The data for 6:3:1/2 ring cannot 
be used for a reliable conclusion since the 
difference in reductions is considerable. ) 

• The contact times are shorter in the screw 
press. Again, in the screw press, the un- 
loading time decreases with increasing load. 

• The combined strain rate and die chilling effect 
is seen from samples S-l,  S-3,  and S-5 for 
the mechanical press and from samples S-2, 
S-4,   and S-6 for the screw press.    The 
increase in flow stress with decreasing 
sample thickness is more pronounced for 
titanium and stainless steel samples.    Partic- 
ularly,   the comparison of 6:3: 1 and 6:3:1 /2 
rings indicates that die chilling must have a 
far more significant effect in titanium than in 
stainless steel.    This is valid for both presses 
and it is explained by the fact that the flow 
stress of titanium is more temperature depen- 
dent than the stainless steel. 

The principles of the ring-upset test 
have been reviewed and its application for 
determining friction shear factors and flow- 
stress values has been discussed.    6061 alumi- 
num,  Ti-7Al-4Mo,  and 403 stainless steel rings 
of various dimensions with 6:3:2,   6:3: 1,   and 
6:3:1/2 ratios have been forged in a hydraulic, 
a mechanical,  and a screw press of comparable 
capacities.    For all these tests,   ram speeds, 
contact times,   and forging loads have been 
measured.    The shear factors and flow-stress 
values have been calculated by using the experi- 
mental results and the theoretical calibration 
curves which give the shear factor versus reduc- 
tion and load/average flow stress versus 
reduction.    These curves have been obtained 
from computer programs which simulate the 
ring-upset test by taking bulging of free surfaces 
into account. 

The results of the ring-upset tests give 
useful practical information for comparing the 
time-dependent characteristics of the hydraulic, 
screw,   and mechanical presses  investigated in 
the present study.    From these results the 
following observations and conclusions are made: 

SUMMARY AND CONCLUSIONS 

The present work was conducted for the 
purpose of developing simple and useful methods 
for evaluating presses for closed-die forging. 
The effect of equipment behavior upon the forg- 
ing process has been reviewed and the most 
significant characteristics of hydraulic, 
mechanical,   and screw presses have been 
investigated. 

For actual forging strokes of 1  inch or less, 
the screw press exhibits shorter contact 
times in this study than the mechanical and 
the hydraulic presses. 

During unloading,   the ram of the screw press 
is lifted through elastic energy stored in the 
frame and in the screw.    Therefore,   in the 
screw press the unloading time decreases 
with increasing forging load.    A similar trend 
was not detected in experiments with the 
mechanical press. 

For evaluating and comparing the per- 
formance of mechanical presses,  practical test 
methods have been developed for determining 
the dynamic stiffness under forging conditions, 
for determining the maximum possible produc- 
tion rate versus available energy for deforma- 
tion,  and for evaluating the ram and bed 
parallelism in off-center loading conditions. 
The application of these methods has been 
demonstrated on a high-speed,   500-ton mechan- 
ical press.     These tests can be used for com- 
paring different mechanical presses,   for 
evaluating the performance of used presses,   and 
to establish the necessity and the schedule for 
preventive maintenance. 

The influence of transfer time,   4 seconds in 
mechanical and hydraulic presses and 10 sec- 
onds in screw press,  upon friction and load 
is not significant in large aluminum rings 
(6 inch O D x 3 inch O D).     However,   this 
influence was considerable in the smaller 
titanium and stainless steel rings.    In the 
screw press,   calculated flow stress and 
measured load values are larger than in the 
mechanical press,  for all ring thicknesses. 
These differences were due to larger transfer 
times  in screw-press trials and cannot be 
explained by strain-rate because the strain 
rate does not differ significantly in both 
pres ses. 

The dynamic stiffness of a screw press 
has been discussed and a practical method for 
its determination has  been suggested.    However, 
due to capacity limitation of the load cell,   used 
in screw press  trials,   the practical application 
of the suggested technique could not be carried 
out. 
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The differences in contact times and defor- 
mation speeds,   between mechanical and screw 
presses,   do not affect the friction shear 
factor (m) in aluminum,   titanium,   or stai1-. 
less steel ring-compression tests.    (For 
stainless steel the trials conducted with ''Turco 
Pretreat" and  10-sec transfer time must be 
used for comparison. 
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• In aluminum rings,   the load decreases with 

decreasing contact time and increasing de- 
formation speed.    Thus,   in forging aluminum 
(an excellent heat conductor) with graphite- 
base lubricants (ir.fare good heat transfer at 
die-material interface),   the effect of die 
chilling is significant while the effect of 
strain-rate is negligible.    This observation 
explains the extensive use of screw presses 
in hot forging of aluminum and copper alloys. 

• A combined effect of increasing strain rate 
and decreasing temperature upon forging load 
is shown by forging rams with different thick- 
nesses in the same press.    The increase in 
flow stress with decreasing ring thickness is 
particularly significant between 6:3:1 and 
6:5:1/2  rings.    These results,   for stainless 
steel and titanium rings,   indicate that die 
chilling must have a far more significant 
effect in titanium than in stainless steel. 
This is valid for both mechanical and screw 
presses and it is  explained by the fact that 
the flow stress of titanium is more temper- 
ature dependent than that of stainless steel. 

In summary,   the ring tests indicate 
that,   except for aluminum alloys,   the differences 
in contact time and deformation rate,   which 
existed in the mechanical and screw press usf^d 
in the present study,   are not expected to 
influence appreciably the metal flow and forging 
load.    However,   shorter contact times in the 
screw press may result in lower die wear in 
practical forging operations.    This point was not 
further investigated in the present study. 
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ISOTHERMAL UNIFORM COMPRESSION TESTS FOR DETERM1MN(; FLOW 
STRESS OF METALS AT FOKtil.Nti TEMPERATURES 

by 

J. R. Douglas, T. Altan, and R. J. Fiorantino 

ABSTRACT 

Loads, stresses, and energies aan be determined for various forging operations if the flew 
stress of the forged materials is known at the temperature and strain-rate conditions existing 
during the forging process. 

This study describes the fundamentals of uniform compression testing. This test wa3 used 
to determine the flow stress of 403 stainless steel, Uaspaloy, and Ti-6Al-2Sn-4Zr-2Mo in a 
hydraulic press and the flow stress of 403 stainless steel, Waspaloy, Ti-6Al-2Sn-4Zr-2Mo, 
Inconel 718, Ti-8Mo-8V-2Fe-3Al, and AIS1 4340 steel in a mechanical press. The details of instru-
mentation, sample preparation, heating, lubrication, data recording and evaluation are given. 
For a given material and temperature, test results give flow stress versus strain at varying strain 
rates. The results indicate that these data aan be used for practical applications, within a range 
of strain rates. 

I N T R O D U C T I O N * 

In d e s i g n i n g m e t a l / o r m i n g and f o r g i n g o p e r a -
t i o n s , i t i s n e c e s s a r y t o p r e d i c t , w i t h s o m e 
d e g r e e of c o n f i d e n c e , t h e f o r c e , t h e s t r e s s e s , 
and t h e e n e r g y invo lved in e x e c u t i n g a g iven o p e r -
a t i o n . F o r t h i s p u r p o s e it i s n e c e s s a r y t o k n o w , 
in a d d i t i o n t o t h e g e o m e t r y of t he p a r t b e i n g 
f o r g e d , ( l ) t h e f low s t r e s s of t h e m a t e r i a l b e i n g 
f o r g e d , and (2) t h e f r i c t i o n c o e f f i c i e n t , o r t h e 
f r i c t i o n f a c t o r , a t t h e d i e - m a t e r i a l i n t e r f a c e . 
T h e v a l u e s of t h e s e p r o c e s s p a r a m e t e r s m u s t b e 
k n o w n , f r o m e x p e r i m e n t a l s t u d i e s , a t t h e t e m p e r -
a t u r e and s t r a i n - r a t e c o n d i t i o n s t h a t e x i s t d u r i n g 
t h e a c t u a l f o r g i n g o p e r a t i o n . 

c o m p r e s s i o n t e s t . In t h i s t e s t , t he p l a t e n s and t h e 
c y l i n d r i c a l s a m p l e a r e m a i n t a i n e d a t t h e s a m e 
t e m p e r a t u r e s o t h a t d i e c h i l l i n g and i t s i n f l u e n c e 
upon m e t a l f low i s p r e v e n t e d . To b e a p p l i c a b l e 
w i t h o u t e r r o r s o r c o r r e c t i o n s , t h e c y l i n d r i c a l 
s a m p l e m u s t b e c o m p r e s s e d w i thou t b a r r e l l i n g , 
i . e . , t he s t a t e of u n i f o r m s t r e s s m u s t b e m a i n -
t a i n e d in t h e s a m p l e . B a r r e l l i n g i s p r e v e n t e d by 
u s i n g a d e q u a t e l u b r i c a t i o n , f o r i n s t a n c e g r a p h i t e 
in o i l f o r a l u m i n u m a l l o y s , and g l a s s f o r s t e e l , 
t i t a n i u m , and h i g h - t e m p e r a t u r e a l l o y s . 

B A C K G R O U N D ON I S O T H E R M A L U N I F O R M 
C O M P R E S S I O N T E S T 

T h e f r i c t i o n f a c t o r o r t h e f r i c t i o n c o e f f i c i e n t i s 
m o s t c o m m o n l y o b t a i n e d by u s i n g a r i n g t e s t . ( ' " " * ) 
In t h i s t e s t , a f l a t , r i n g - s h a p e d s p e c i m e n is u p -
s e t f o r g e d to a known r e d u c t i o n . T h e c h a n g e in 
i n t e r n a l d i a m e t e r , p r o d u c e d by t h e giver, a m o u n t 
of redv'cti t / i i in t h i c k n e s s d i r e c t i o n , i s d i r e c t l y 
r e l a t e d t o f r i c t i o n c o n d i t i o n s a t t h e m a t e r i a l - t o o l 
i n t e r f a c e . T h e r i n g t e s t is a l s o u s e d in t he p r e s -
en t p r o g r a m f o r e s t i m a t i n g t h e f r i c t i o n f a c t o r in 
f o r g i n g v a r i o u s a l l o y s , a s r e p o r t e d in C h a p -
t e r s 4 and 6. T h e f low s t r e s s of m e t a l s i s 
u s u a l l y o b t a i n e d b y c o n d u c t i n g a h o m o g e n e o u s o r 
u n i f o r m c o m p r e s s i o n t e s t (wi thout b a r r e l l i n g ) o r 
a t o r s i o n t e s t a t t h e t e m p e r a t u r e s and s t r a i n 
r a t e s of i n t e r e s t . M o s t r e c e n t l y , t he r i n g t e s t 
h a s b e e n a p p l i e d wi th c o n s i d e r a b l e s u c c e s s a l i o 
f o r d e t e r m i n i n g the f low s t r e s s of m e t a l s . ( 3 , 4 ) 
H o w e v e r , t he s t u d y d e s c r i b e d in t h i s c h a p t e r c o n -
c e r n s o n l y t h e d e t e r m i n a t i o n of t h e f low s t r e s s of 
m e t a l s b y u s i n g t h e i s o t h e r m a l u n i f o r m 

*A d e t a i l e d d i s c u s s i o n of t h e f low s t r e s s of m e t a l s 
w a s g i v e n in C h a p t e r 1. Only t he m o s t e s s e n t i a l 
b a c k g r o u n d a s p e c t s a r e r e v i e w e d h e r e . 

In a n a l y z i n g m e t a l - f o r m i n g p r o b l e m s , it i s 
u s e f u l t o d e f i n e t h e m a g n i t u d e of d e f o r m a t i o n in 
t e r m s of " l o g a r i t h m i c " s t r a i n , e. In u n i f o r m 
c o m p r e s s i o n t e s t : 

h 
. . . (> 0 dh h o 

" j "h = l n h 7 ' v 5 - 1 ) 

h i 
w h e r e 

1 

h^ = i n i t i a l s a m p l e h e i g h t 

h = s a m p l e h e i g h t a t t h e end of c o m p r e s s i o n . 

T h e s t r a i n - r a t e , is t he d e r i v a t i o n of s t r a i n , c , 
w i t h r e s p e c t t o t i m e o r : 

, d e dh V 
dt hdt h ' 

(5-2) 

whe r e 

V = i n s t a n t a n e o u s c o m p r e s s i o n s p e e d 

h = i n s t a n t a n e o u s h e i g h t . 
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T h e flow s t r e s s of m e t a l s , a, i s i n f l u e n c e d by 
t e m p e r a t u r e , 9, s t r a i n , and s t r a i n - r i t e , t , o r 

o=i(9,r,ty . <5-3} 
i 

In m o s t r e s e a r c h c e n t e r s , t he i s o t h e r m a l u n i -
f o r m c o m p r e s s i o n t e s t is c o n d u c t e d a t a g iven 
t e m p e r a t u r e and at a c o n s t a n t s t r a i n r a t e . (5-8) 
F o r t h i s p u r p o s e , a p l a s t o m e t e r i s u s e d . T h i s 
m a c h i n e , d e s i g n e d and bu i l t f i r s t by O r o w a n , (9) 
c o n t a i n s a c a m tha t can b e r o t a t e d a t v a r i o u s c o n -
s t a n t s p e e d s . As s e e n in F i g u r e 5 - 1 , t he c a m 
h a s an o p e r a t i v e p o r t i o n g e n e r a t e d o v e r 90 d e -
g r e e s . T h e c a m a c t u a t i n g t h e l o w e r p l a t en ha s a 
c u r v a t u r e of l o g a r i t h m i c s h a p e . T h u s , f o r t he 
c a m r o t a t i o n a t a c o n s t a n t s p e e d , t he r a m v e l o c -
i ty v a r i e s d u r i n g d e f o r m a t i o n a c c o r d i n g to E q u a -
t ion (5-2) s u c h t h a t t h e s t r a i n r a t e r e m a i n s c o n -
s t a n t . In a t y p i c a l e x p e r i m e n t a l s e t u p , t he ! 
s p e c i m e n is c o m p r e s s e d b e t w e e n l o w e r and u p p e r 
p l a t e n s of t u n g s t e n o r t i t a n i u m c a r b i d e . (5-7) T o 
r e d u c e t e m p e r a t u r e v a r i a t i o n s in t h e s p e c i m e n 
d u r i n g t r a n s f e r f r o m f u r n a c e to the p l a s t o m e t e r , 
a g u a r d r i n g box , m a d e of a n i c k e l - b a s e a l l oy 
i s u s e d , F i g u r e 5 - 2 . T h i s c o m p l e t e a s s e m b l y 
i s h e a t e d to the r e q u i r e d t e s t i n g t e m p e r a t u r e in 
an e l e c t r i c f u r n a c e wi th an ^ r g o n a t m o s p h e r e . 
T h e a s s e m b l y is t hen t r a n s f e r r e d to the p l a s t o m -
e t e r . A t r i g g e r i n g m e c h a n i s m a c t i v a t e s t h e c a m , 
w h i c h r o t a t e s a t t h e d e s i r e d s p e e d , and the s p e c i - i 
m e n i s c o m p r e s s e d wi th in a few s e c o n d s a f t e r 
w i t h d r a w i n g the g u a r d box f r o m the f u r n a c e . T h e 
t e m p e r a t u r e v a r i a t i o n d u r i n g t h i s t i m e p e r i o d 
d o e s not e x c e e d a f ew d e g r e e s and it d o e s no t d i s -
t o r t the t e s t c o n d i t i o n s . D u r i n g the c o m p r e s s i o n 
t e s t t h e load and the r a m d i s p l a c e m e n t a r e 
r e c o r d e d in func t ion of t i m e and the f low s t r e s s -
s t r a i n r e l a t i o n s h i p i s c a l c u l a t e d f r o m t h e s e , d a t a 
f o r t h e g iven m a t e r i a l , t e m p e r a t u r e , and s t r a i n 
r a t e . To a c h i e v e t r u e u n i f o r m c o m p r e s s i o n it 
i s n e c e s s a r y t o c o m p l e t e l y e l i m i n a t e s p e c i m e n 
bulg ing and f r i c t i o n a t s p e c i m e n and p l a t en i n t e r -
f a c e s . T h i s is a c c o m p l i s h e d by u s i n g a p p r o p r i a t e 
l u b r i c a n t s s u c h a s T e f l o n foi l (up to 500 F ) , 
g r a p h i t e - o i l o r g r a p h i t e - w a t e r e m u l s i o n s (up to 
1000 F ) , and g l a s s e s at h i g h e r t e m p e r a t u r e s . A 

Lower Platen 

I Start 
I I Compression of sample 

(c constant) 
m End of deformation \49 2 

Cam 
i 40.75' 

F I G U R E 5 - 1 . S C H E M A T I C O F T H E CAM P L A S -
T O M E T E R DRIVE FOR CONDUCTING CONSTANT 
S T R A I N - R A T E COMPRESSION TESTS* 7 ) 

i 

- 2 

l i s t of g l a s s - b a s e l u b r i c a n t s r e c o m m e n d e d in t h e 
l i t e r a t u r e f o r h igh d e f o r m a t i o n t e m p e r a t u r e s a r e 

. g iven in T a b l e 5 - 1 . (5) 

/ 1 
Upper Ploten 

Thermocouple 

Nickel-base alloy 
containers Lower Platen 

I 
i 

F I G U R E 5 - 2 . S C H E M A T I C O F T H E TOOLING 
USED FOR H I G H - T E M P E R A T U R E C O M P R E S -
SION T E S T S C O N D U C T E D IN A 
P L A S T O M E T E R ' 5 ! 6) 

I T A B L E 5 - 1 . COMPOSITIONS AND U S E F U L 
TEMPERATURE RANGES OF 
GLASS L U B R I C A N T S USED IN 
I S O T H E R M A L COMPRESSION 
T E S T S IN E A R L I E R S T U D I E S ' 5 ) 

C l a s s : ; A b C D C 
(Pyre*) 

Composition, Teil iperature 850- 1100- 1500- 1800- 2000-
per t ent Kange. F : I 100 1400 1 8t)0 2000 *J°L 

SiO^ ... 27. 3 69 80 55 D 2 ° 3 .10 -- 1 2 12 7 
BaO -- -- -- 3 ! 

AI 2O 3 S - - 1 -- 3 4 3 21 
CaO 6 1 14 
MgO 3 2 
PbO •*0 71 
Nat^O 16.2 4 --
K^O 1 S 0 7 0. 3 

E Q U I P M E N T , I N S T R U M E N T A T I O N , 
AND TOOLING 

E q u i p m e n t 1 

In conduc t ing t h e p r e s e n t s t u d y , a c a m p l a s t o m -
e t e r w a s n o t a v a i l a b l e fo r c o n s t a n t s t r a i n - r a t e 
c o m p r e s s i o n t e s t s . T h e r e f o r e , t h e e x p e r i m e n t a l 
w o r k w a s p e r f o r m e u in t\yo p r e s s e s i n s t a l l e d a t 
t h e M e t a l w o r k i n g L a b o r a t o r y of B a t t e l l e ' s 
C o l u m b u s L a b o r a t o r i e s . T h e p r e s s e s a r e a 
7 0 0 - t o r h y d r a u l i c p r e s s and a 500- ton m e c h a n i c a l 
f o r g i n g p r e s s . - In the c o m p r e s s i o n t e s t s p e r -
f o r m e d in t h e s e p r e s s e s the s t r a i n r a t e s v a r i e d 
d u r i n g a . d e f o r m a t i o n s t r o k e . H o w e v e r , a v e r a g e 
v a l u e s of s t r a i n r a t e s can s t i l l be c o n s i d e r e d in 
u s i n g the e x p e r i m e n t a l f l o w - s t r e s s d a t a f o r 
p r a c t i c a l a p p l i c a t i o n s . 
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T h e v e r t i c a l 7 0 0 - t o n h y d r a u l i c p r e s s , F i g -
u r e 5 - 3 , i s d i r e c t d r i v e n , u s e s h y d r a u l i c o i l a s a 
w o r k i n g m e d i u m , and h a s an a d j u s t a b l e r a m 
s p e e d of 0. 1 t o 80 i p m . In t h e t r i a l s c o n d u c t e d in 
t h i s s t u d y , t h e p r e s s o p e r a t e d a t t w o n o m i n a l 
p r e s s i n g s p e e d s : 20 i p m and 80 i p m . At t h e 
s t a r t of a p r e s s i n g c y c l e , t h i s p r e s s o p e r a t e s by 
f r e e f a l l i n g of t h e r a m un t i l t h e u p p e r p l a t e n c o n -
t a c t s t h e s p e c i m e n t o b e u p s e t f o r g e d T h e v e l o c -
i ty of t h e r a m d u r i n g t h i s f r e e - f a l l p e r i o d h a s 
b e e n m e a s u r e d to b e w i t h i n 250 to 1000 i p m , d e -
p e n d i n g on t h e s e t t i n g of p r e s s s p e e d ; t he i m p a c t 
of t h e r a m a t t h i s v e l o c i t y w a s a d e q u a t e t o c o m -
p l e t e l y u p s e t f o r g e s o m e t e s t s p e c i m e n s . 
U s u a l l y , h o w e v e r , a f t e r c o n t a c t w a s m a d e w i t h 
t h e s p e c i m e n , a d w e l l t i m e e x i s t e d w h i l e t h e 
h y d r a u l i c oi l d r i v i n g t h e p r e s s r a m w a s p r e s s u r -
i z e d . D e f o r m a t i o n t h e n p r o c e e d e d a t a r e l a t i v e l y 

! c o n s t a n t r a t e . 

PR 

F I G U R E 5 - 3 . B A T T E L L E ' S 7 0 0 - T O N , D I R E C T -
D R I V E , V A R I A B L E - S P E E D H Y D R A U L I C P R E S S 
U S E D IN I S O T H E R M A L U N I F O R M C O M P R E S S I O N 
T E S T S 

T h e m e c h a n i c a l p r e s s , s e e n in F i g u r e 5 - 4 , i s 
a f o r g i n g p r e s s of S c o t c h - y o k e d e s i g n . T h i s 
p r e s s is r a t e d 500 t o n s a t 0. 25 i n c h b e f o r e b o t t o m 
d e a d c e n t e r , h a s a s t r o k e of 10 i n c h e s and h a s a 
f o r g i n g r a t e e q u i v a l e n t t o 90 s t r o k e s p e r m i n u t e . 
T h e d r i v e of t h i s p r e s s i s b a s i c a l l y a s l i d e r -
c r a n k m e c h a n i s m t h a t t r a n s l a t e s r o t a r y in to r e -
c i p r o c a t i n g l i n e a r m o t i o n . T h e e c c e n t r i c s h a f t 
i s c o n n e c t e d t h r o u g h an a i r - o p e r a t e d , m u l t i p l a t e 
f r i c t i o n c l u t c h d i r e c t l y t o t h e f l y w h e e l . T h e 

f l y w h e e l , d r i v e n b y an e l e c t r i c m o t o r a n d " V " 
b e l t s , s t o r e s e n e r g y t h a t i s u s e d o n l y d u r i n g a 
s m a l l p o r t i o n of t h e c r a n k r e v o l u t i o n , n a m e l y 
d u r i n g d e f o r m a t i o n of t h e f o r g e d m a t e r i a l . T h e 
c o n s t a n t c l u t c h t o r q u e i s a v a i l a b l e a t t h e e c c e n -
t r i c s h a f t w h i c h t r a n s m i t s t h e t o r q u e and t h e f l y -
w h e e l e n e r g y t o t h e s l i d e , t h r o u g h t h e S c o t c h -
y o k e m e c h a n i s m . 

f ! 

F I G U R E 5 - 4 . B A T T E L L E ' S SOO-TON S C O T C H 
Y O K E M E C H A N I C A L P R E S S U S E D IN I S O T H E R -
M A L U N I F O R M C O M P R E S S I O N T E S T S 

I n s t r u m e n t a t i o n 

In b o t h p r e s s e s , load and d i s p l a c e m e n t w e r e 
m e a s u r e d d u r i n g t h e f l o w - s t r e s s t r i a l s . T h e d i s -
p l a c e m e n t m e a s u r e m e n t s w e r e m a d e u s i n g a 
l i n e a r v a r i a b l e d i f f e r e n t i a l t r a n s f o r m e r ( L V D T ) . 
T h e load m e a s u r e m e n t s w e r e m a d e v i a a 2 5 - t o n 
load ce l l p l a c e d u n d e r the t o o l i n g . 

In t h e m e c h a n i c a l p r e s s the c o r e of t h e L V D T 
w a s f ixed r e l a t i v e to t h e r a m of t h e p r e s s and 
m o v e d t h r o u g h t h e c e n t e r of t he L V D T c o i l s 
w h i c h w e r e a t t a c h e d t o t h e p r e s s f r a m e . T o a c -
c o m p l i s h t h i s r e l a t i v e m o t i o n , t he c o r e w a s s u s -
p e n d e d b e t w e e n b r a s s r o d s ( n o n m a g n e t i c ) w h i c h 
w e r e in t u r n a t t a c h e d to t he p r e s s f r a m e . T h u s , 
t h e m o t i o n of t h e c o r e w a s c o m p l e t e l y d e p e n d e n t 
on t h e m o t i o n of t h e r a m . In t h e h y d r a u l i c p r e s s 
an L V D T h a v i n g a s p r i n g - l o a d e d c o r e w a s u s e d . 

*An e x t e n s i v e d e s c r i p t i o n of g e n e r a l p r e s s i n s t r u -
m e n t a t i o n is g i v e n in C h a p t e r 2. 

8 3 
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This tr.'insducer was placed to the rear of the 
press bolster and the core was actuated by a 
bracket attached to the moving ram. 

The load cell used in these trials was a 
Model 35-133-BCF manufactured by the Toroid 
Corporation.    It was a combination compression- 
tension load cell using bonded strain gages as its 
strain-sensing mechanism.    The load cell was> 
designed for use to 50, 000 pounds with safe over- 
load to 150 percent of capacity. 

For forging in the hydraulic press,  the output 
signals from the two transducers  (LVDT and 
load cell) were recorded on a two-channel Brush 
Model 280 oscillographic recorder.     For load 
measurement the recorder was  set up so that a 
full-scale deflection represented cither 
50,000 pounds or  100,000 pounds.     The displace- 
ment output was adjusted so that approximately 
2 inches of ram displacement was  represented by 
a full-scale deflection on the recorder. 

Because of the higher forging  rate in the me- 
chanical press,  the transducer outputs wore 
recorded on a multichannel high-speed,   light- 
beam recorder (Century Electronics Model 470), 
The scale magnifications were set up to give a 
sweep of 5 inches for either 50, 000 or 
100,000 pounds load on the load cell and a  1-inch 
sweep for 1-inch movement of the displacement 
transducer     The time variable was established 
by time lines recorded each 0. 01  second. 

Specimens and Tooling 

The specimens used in these compression 
t^sts were all   I-inch-diameter and   1-1/2 inches 
high.     The ends were machined flat and perpen- 
dicular to the axis of the  specimen.     A   1/16-inch 
radius  was machined on  the  specimen edges,   and 
a spiral  groove,   about  0. 010 inch deep,   was  cut 
on each end to trap lubricant and assist in mini- 
mi/.ing friction losses. 

The  specimens were  heated  in  an  insulated 
container that also held the platens  (Figur»' 5-51. 
The container was constructed from Inconel al- 
loy (.0 1   (60. 5 Ni  - 2 3 Cr  -   14. I   Fe  -   1.3 5  All 
which was selected for its excellent resistance to 
oxidation at high temperature      The platens were 
cemented titanium carbide  (Kentanium KI62B 
supplied by Kennametal,   Inc. I which was selected 
on the basis of its excellent strength and hard- 
ness at nigh temperature.     A ceramic material 
made up cf 98 percent AI2O3 was also censidered 
for the platen matennl but was  found unsatisfac- 
tory due to its poor resistance to thermal  shock. 

Titanium  corbidt 
anv-lt Sp«cimtn 

n dio ■ I 5 in high 

— Upt«t specim«n 
14-in dio 1 079 in high 

■•—— Lood Mil 
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FIGURE 5-5      PRESS SETUP AND FIXTURE 
USED IN HEATING AND ISOTHERMAL 
UNIFORM UPSETTING OF CYLINDRICAL 
SAMPLES 

(Initial sample size  I   0-inch diamete r x 
1. 5 inches high) 

The titanium carbide platens suffered serious 
erosion when exposed to the glass lubricant in air 
at high temperatures  (1600 to 2200 F).     To 
explore this  problem a number of tests were  run 
in an electric furnace without atmospheric- con- 
trol.     In these tests  a small  amount of a particu- 
lar glass was put on a carbide platen and placed 
in the furnace and maintained at different tem- 
peratures (1800 F,   1900 F,   2000 F,   2100 F) for 
various lengths of time  (15 minutes to  I  hour). 
These tests illustrated more clearly the nature 
of the erosion and the preventive measures that 
might be taken.     As  a  result of these tests the 
following observations were made. 

• The erosion occurred regardless of the glass 
composition.     However,  the magnitude of 
erosion increased with increasing tempera- 
ture and decreasing glass viscosity 

• The erosion was limited to the edges of the 
puddle of molten glass  indicating that the com- 
bined exposure to molten glass and atmosphere 
was necessary for the erosion to occur. 
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•    The amount of erosion could be greatly re- 
duced if the titanium carbide was placed in a 
container that was flooded with argon.    This 
indicated that the reaction of the glass with 
the titanium carbide required the presence of 
air (probably the oxygen in air) and that the 
reaction could be prevented if the platens 
were not exposed to air simultaneously with 
the glass. 

The basic chemical phenomenon involved in 
this erosion problem was not further investigated 
since that task was not within the scope of the 
present study.    As a result of the tests described 
above,  the fixture,  seen in Figure 5-5,  and the 
test cylinders were heated in an argon atmo- 
sphere.    However,  in performing the compression 
test." over several hours,  it was found that some 
erosion of   ' e carbide platens  still occurred. 
Thus,   in addition to argon atmosphere,   the sur- 
face of the bottom anvil was protected by flooding 
it with molten glass while heating the entire as- 
sembly in the furnace.    The top anvil could not 
be protected easily,  consequently,   its  forging 
surface was  reground as necessary. 

i 

ISOTHERMAL UNIFORM COMPRESSION TESTS 

In an upset test to obtain flow-stress data,  the 
specimen must deform uniformly,  without any 
bulging.     Then,  the instantaneous forging pres- 
sure is equal to the instantaneous flow stress of 
the sample material at temperature,   strain-rate, 
and strain conditions present at that instant of 
deformation.     Bulging can bo prevented and uni- 
form deformation conditions can be achieved by 
eliminating die chilling and friction effects at the 
die-sample interface.    Die chilling is avoided by 
maintaining the tooling and the sample at the 
same temperature,  friction effects are minimized 
by having adequate lubrication.     The uniform 
compression test discussed in the present work is 
called isothermal because the tooling and the 
sample are at the same temperature at the start 
of deformation.    However,  during deformation 
heat is generated and isothermal r:onditions do not 
exist in a strict sense. 

The effect of lubrication in metal flow in up- 
setting is illustrated in Figure 5-6.     The  lubri- 
cant application must be sufficient but not too 
heavy,  otherwise the reverse bulging seen in Fig- 
ure  5-6c may result.    Excess lubricant at the 
interface builds a film which is heavier at the 
center and thinner towards the edges.     The non- 
uniformity of lubricant thickness generates local 
lateral stresses which push the edges of the 
sample further out than the rest of the material 
A detailed study of this phenomenon is given 
elsewhere. '   ^' 

FIGURE 5-G.     CYI IND'<ICAL SAMPLES USED IN 
ISOTHERMAL UNIFORM   COMPRESSION TESTS 

(a) i'rior to deformation  ' 1 -inch diameter by 
I . 5 inches high) 

(b) Upset with adequate  lubrication 
(cl    Upset with excessive   lubrication 
(d)    Upset with  poor lubrication. 

85 
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E x p e r i m e n t a l P r o c e d u r e 

T h e u p s e t t r i a l s w e r e c o n d u c t e d in t h e h e a t e d 
i n s u l a t e d c o n t a i n e r , s e e n in F i g u r e 5 - 5 . T h e 
p r i n c i p a l p u r p o s e s in u s i n g t h i s c o n t a i n e r w e r e t o 
m i n i m i z e c o o l i n g of t he s a m p l e d u r i n g t r a n s f e r 
f r o m f u r n a c e t o t h e f o r g i n g p r e s s , and to m a i n -
t a i n t r u l y i s o t h e r m a l c o n d i t i o n s b y h e a t i n g t h e 
c a r b i d e a n v i l s t o t h e f o r g i n g t e m p e r a t u r e . 

B e f o r e c o n d u c t i n g a n y c o m p r e s s i o n t r i a l s , it 
w a s n e c e s s a r y t o d e t e r m i n e t h e m a g n i t u d e of 
t e m p e r a t u r e d r o p in t h e c o m p r e s s i o n c y l i n d e r 
a f t e r r e m o v a l f r o m t h e f u r n a c e and p r i o r to f o r g -
ing . F o r t h i s p u r p o s e , a c y l i n d e r w i t h a t h e r m o -
c o u p l e in a h o l e d r i l l e d t o t h e c y l i n d e r c e n t e r , 
w a s put in t h e c o n t a i n e r w i t h t h e a n v i l s in p l a c e , 
F i g u r e 5 - 5 . T h e c o n t a i n e r w a s t h e n p l a c e d in t h e 
f u r n a c e d i r e c t l y o v e r a t h e r m o c o u p l e on the f u r -
n a c e h e a r t h . T h e t e m p e r a t u r e w a s m o n i t o r e d 
f r o m b o t h of t h e s e t h e r m o c o u p l e s a s w e l l a s f r o m 
the f u r n a c e - c o n t r o l t h e r m o c o u p l e a n d i t w a s 
p o s s i b l e to d e t e r m i n e t h e r e l a t i o n s h i p b e t w e e n 
f u r n a c e , h e a r t h , and c y l i n d e r t e m p e r a t u r e s d u r -
ing h e a t i n g . When t h e c o n t a i n e r a s s e m b l y a t -
t a i n e d a u n i f o r m t e m p e r a t u r e , it w a s r e m o v e d 
f r o m t h e f u r n a c e and c a r r i e d t o t he p r e s s s i m u l a t -
ing the t i m e l a p s e d u r i n g a c o m p r e s s i o n t e s t . 
T h e t i m e l a p s e t o f o r g i n g b a s e d on t h i s t e s t s i m u -
l a t i o n , w a s found to be a p p r o x i m a t e l y 15 s e c o n d s . 
T h e t e m p e r a t u r e d r o p in t h e c y l i n d e r w a s found 
t o b e 10 F in abou t 30 s e c o n d s a f t e r r e m o v a l of 
t he c o n t a i n e r a s s e m b l y f r o m the f u r n a c e . T h u s , 
it w a s c o n c l u d e d t h a t t he v a r i a t i o n in f o r g i n g 
t e m p e r a t u r e s d u r i n g t h e t e s t s cou ld be c o n s e r v a -
t i v e l y e s t i m a t e d a t l e s s t h a n 10 F . 

F o r t h e c o m p r e s s i o n t e s t s , t h e c y l i n d e r s w e r e 
f i r s t l u b r i c a t e d a t r o o m t e m p e r a t u r e by d i p p i n g 
t h e m in a s l u r r y of g l a s s in i s o p r o p y l a l c o h o l and 
a l l o w e d to d r y . T h e y w e r e t h e n p l a c e d in the f u r -
n a c e n e x t t o the p r o t e c t i v e c o n t a i n e r and h e a t e d 
t o t h e f o r g i n g t e m p e r a t u r e . A p p r o x i m a t e l y 
15 m i n u t e s p r i o r t o e a c h t e s t , t he s a m p l e w a s 
p l a c e d on t h e l o w e r a n v i l of t h e c o n t a i n e r , and the 
t op nnv i l w a s i n s e r t e d . T h e e n t i r e a s s e m b l y w a s 
t h e n r e t u r n e d t o t h e f u r n a c o and r e h e a t e d t o t he 
f o r g i n g t e m p e r a t u r e . Whi l e t h e g l a s s - s l u r r y 
c o a t i n g on t h e s a m p l e m i n i m i z e d o x i d a t i o n , it w a s 
i n a d e q u a t e t o p r o v i d e s u f f i c i e n t l u b r i c a t i o n d u r i n g 
t h e u p s e t t e s t . T h e r e f o r e , a d d i t i o n a l p o w d e r e d 
g l a s s w a s s p r i n k l e d on the b o t t o m a n v i l and on t h e 
t op of t h e s p e c i m e n , a f t e r p l a c i n g it in to the c o n -
t a i n e r . T h i s t e c h n i q u e w o r k e d w e l l and a l l o w e d 
u n i f o r m u p s e t t i n g of t he c y l i n d r i c a l s a m p l e s , 
F i g u r e 5 - 6 . 

T o m i n i m i z e t h e p o s s i b i l i t y of t h e r m a l s h o c k 
to t h e t i t a n i u m c a r b i d e a n v i l s , t he c o n t a i n e r and 
t h e a n v i ' s w e r e p l a c e d in t he cold f u r n a c e a t t he 
s t a r t of e a c h s e r i e s of t e s t s and w e r e b r o u g h t t o 
t e m p e r a t u r e w i t h t he f u r n a c e . S i n c e t h e p l a t e n s 
of t he p r e s s cou ld ch i l l the a n v i l s r a p i d l y d u r i n g 

f o r g i n g and p o s s i b l y c a u s e anv i l c r a c k i n g b e c a u s e 
of t h e l a r g e t e m p e r a t u r e g r a d i e n t s , i n s u l a t i o n 
w a s p l a c e d a b o v e and b e l o w t h e c o n t a i n e r in t h e 
p r e s s . On t h e t o p p r e s s p l a t e n , t h i n s h e e t s of 
m i c a w e r e h e l d in p l a c e b y a t h in s h e e t of s t e e l 
t a p e d t o t h e p l a t e n . On t h e b o t t o m , t h e c o n t a i n e r 
r e s t e d on an a t t a c h m e n t to t h e load c e l l , an -.he 
p o s s i b l e t h e r m a l s h o c k w a s m i n i m i z e d by p.„ ng 
a m i c a s h e e t and a t h in s t e e l s h e e t b e t w e e n t'' i. 
c o n t a i n e r and t h e load c e l l a t t a c h m e n t , 
F i g u r e 5 - 5 . 

A f t e r a c y l i n d e r had b e e n u p s e t f o r g e d , i t w a s 
q u i c k l y r e m o v e d f r o m t h e c o n t a i n e r a n d r e p l a c e d 
by a p r e h e a t e d u n f o r g e d c y l i n d e r . D u r i n g t h e 
r e l o a d i n g p e r i o d , t h e a v e r a g e t e m p e r a t u r e of t he 
c o n t a i n e r d r o p p e d a b o u t 500 to 600 F . O c c a -
s i o n a l l y it w a s n e c e s s a r y to r e p l e n i s h t he g l a s s 
on t h e b o t t o m a n v i l . T h e c o n t a i n e r w a s t h e n 
r e t u r n e d to t he f u r n a c e t o be r e h e a t e d t o t he 
f o r g i n g t e m p e r a t u r e . 

M a t e r i a l s and L u b r i c a t i o n 

T h e i s o t h e r m a l u n i f o r m c o m p r e s s i o n t e s t s 
c o n d u c t e d in t h e p r e s e n t s t u d y a r e s u m m a r i z e d 
in T a b l e 5 - 2 . A m o n g t h e s e v e r a l g l a s s - b a s e 
l u b r i c a n t s u s e d in t h i s s t u d y , two g a v e the b e s t 
l u b r i c a t i o n c o n d i t i o n s . T h e c o m p o s i t i o n and t h e 
u s e f u l t e m p e r a t u r e r a n g e of a p p l i c a t i o n f o r t h e s e 
t w o g l a s s e s a r e g i v e n in T a b l e 5 - 3 . As d i s c u s s e d 
e a r l i e r , p r i o r t o h e a t i n g , t h e s a m p l e s w e r e d i p -
ped in to a g l a s s s l u r r y . A f t e r h e a t i n g , p o w d e r e d 
g l a s s w a s a p p l i e d upon the f l a t s u r f a c e s of t h e 
s a m p l e s a s w e l l a s on t he a n v i l s c." t he t o o l i n g . 

T A B L E 5 - 2 . T E M P E R A T U R E S (IN D E G R E E S F ) 
U S E D IN I S O T H E R M A L U N I F O R M 
C O M P R E S S I O N O F VARIOUS 
M A T E R I A L S IN A 7OO-TON 
H Y D R A U L I C P R E S S AND A 
5 0 9 - T O N M E C H A N I C A L P R E S S 

Hydraulic Press 
Preset Speed, in. /min Mechanical 

20 80 P res s 

AISI 403 Stainless 

Waspaloy 

Ti-6Al-2Sn-4/r-2Mo 

Inconel Alloy 718 

Ti-8Mo-8V -2Fe-3Al 

AISI 4340 Steel 

1950 1950 
2050 2050 
1950 
2050 

1675 1675 
1750 

1800 
19 50 
2050 

1950 
2050 
2100 

1600 
1675 
1750 

2000 
2100 

1650 
1850 
2000 

1900 
2000 
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TABLE 5-3.    COMPOSITION AND USEFUL TEM- 
l-'Jl.RAl UKt. UAlNl-lJI.   J? WK   UJjrt oo ijuon lOAJN lO 

USED IN THIS STUDY 

GiMm* Typ« *rt'i 
r«mp«r«lur« KAnite 

Ciitnpi'iltwn,  par ent by wtfight 
F.'irt,    Slbj    B^,     AUO, RijO     KÄ P.ö    Mgö    », 

1'vr.x 
i IMSO-ZiloO Fl 80           I.'           J 4       0   ) 

Window üU«f 
i i'.SO-IHOO tl 0   1             'i                          0  1 U       0   1 1         3.4      0   J 

Experimental Results 

For each test condition given in Table 5-1,  at 
least two samples were used.    The upset samples 
that exhibited bulging were discarded in data 
evaluation.    When two or more uniformly deformed 
samples were available the load-displacement 
data for these samples did not show any marked 
deviation from each other.    Thus,  on'y one of the 
oscillograph recordings was evaluated. 

To obtain the flow-stress-versus-strain curve, 
a relatively simple computer program was de- 
veloped and the data were processed as follows. 
The coordinates,  in the vertical and horizontal 
direction,  of load and displacement recordings on 
the oscillograph were read off in inches,  as seen 
in Figure 5-7.     These coordinates and the cali- 
bration factors indicating the actual value of 
1-inch sweep in terms of load, displacement,  and 
time,   represented the input data for the computer 
program      This program calculated,  at small 
time or deformation steps,  the flow stress  (load 
divided by instantaneou« area), the strain (natural 
logarithm of the ratio of initial sample height to 
instantaneous sample height),   and the strain rate 
(instantaneous velocity divided by instantaneous 
height).    The results are plotted by the Calcomp 
plotter in form of flow-stress-versus-strain, 
and strain-rate-versus-strain curves. 

Unloosing 
T.'-.e Alter  Sfort 

FIGURE 5-7.    A TYPICAL OSCILLOGRAPH 
RECORDING OBTAINED IN CONDUCTING ISO- 
THERMAL UNIFORM COMPRESSION TESTS 
IN A MECHANICAL PRESS 

In evaluating the data for the tests conducted 
in the mechanical press, the ram displacement 
was determined using the following relation: 

w = s (1  - cosn)/2    , (5-4) 

where 

w = distance from bottom dead center 

s = press stroke =  10 inches 

rj = angle of rotation,  measured from bottom 
dead center position. 

Since the mechanical press used in the present 
study was of Scotch yoke design.   Equation (5-4) 
accurately represented the displacement behav- 
ior of the ram.    The ram position predicted by 
Equation (5-4) was compared with the displace- 
ment dati obtained from the oscillograph and 
excellent agreement - within less than  I  per- 
cent - was found.    The derivative of Equa- 
tion (5-4) with respect to d gave the velocity 
variation during deformation and this velocity 
was used in calculating the «train rates.    Tb't- 
procedure helped to avoid the irregularities ir 
velocity curves obtained by numerical differenti- 
ation of experimental displacement data.    These 
irregularities occur because the numerically 
differentiated velocity curve is much more sensi- 
tive to data-reading errors than the displacement 
curve itself.    The ram velocity at the start of 
deformation was within a range of 22 to 26 in. / 
sec at the start of deformation.     The velocity 
decreases,   following a sine curve toward the end 
of deformation,  to reach the value zero. 

In evaluating the data for the tests conducted 
in the hydraulic press,  the strain-rate curves 
plotted by the computer showed some irregulari- 
ties which were smoothed out by hand.    This 
smoothing,   however,   is within the  ran^e of 
strain-rate variation encountered during the 
compression tests and did not impair the quality 
of the flow stress-strain data obtained in hy- 
draulic press tests. 

The results of uniform isothermal compres- 
sion tests are given in Figures  5-8 through 5-16 
for tests conducted in the hydraulic press,  and 
in Figures 5-   "" through 5-22 for tests conducted 
in the mechanical nress.    Each figure shows,   in 
addition to the cur\     for flow stress versus 
strain at a particul;  ■ temperature,  the variation 
of strain rate,  durii  ; deformation of the test 
samples. 

87 



5-8 

S 

■■i- 
U.4U0 JbÜO OtX 

FIGURE 5-8.    FLOW STRESS, ä,   VERSUS 
STRAIN, T,  FOR 403 STAINLESS STEEL 
OBTAINED FROM ISOTHERMAL UNIFORM 
COMPRESSION TEST 

(Hydraulic press,   20 ipm,   1950 F) 

AT- 
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FIGURE 5-10.    FLOW STRESS, ~,  VERSUS 
STRAIN, ~,  FOR 403 STAINLESS STEEL 
OBTAINED FROM ISOTHERMAL UNIFORM 
COMPRESSION TEST 

(Hydraulic press,  80 ipm,   1950 F) 

STRAIN (-1 

FIGURE        •      FLOW STRESS, ",  VERSUS 
STRAIN,  \ ,   FOR 403 STAINLESS STEEL 
OBTAINED FROM ISOTHERMAL UNIFORM 
COMPRESSION TEST 

(Hydia'ilic press,  20 ipm,  2050 F) 

88 

FIGURE 5-11.    FLOW STRESS, ",  VERSUS 
STRAIN,  e,  FOR 403 STAINLESS STEEL 
OBTAINED FROM ISOTHERMAL UNIFORM 
COMPRESSION TEST 

(Hydraulic press,  80 ipm,   2050 F) 
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FIGURE 5-12.    FLOW STRESS, ä,  VERSUS 
STRAIN,   e,  FOR WASPALOY OBTAINED 
FROM ISOTHERMAL UNIFORM COMPRESSION 
TEST 

(Hydraulic press,   20 ipm,   1950 F) 

T UUI Pi«) ii  «XI DM« U KO L  (DU LTOÜ 

bIRflIN i ■ l 

FIGURE 5-14      FLOW STRESS, ",   VERSUS 
STRAIN,  c,   FOR Ti-6Al-2Sn-4Zr-2Mo 
OBTAINED FROM ISOTHERMAL UNIFORM 
COMPRESSION TEST 

(Hydraulic press,  20 ipm,   1675 F) 

"I 

' A 

? 

"4 
0 «■ 01 

STRAIN (-1 

FIGURE 5-13.     FLOW STRESS, ~, VERSUS 
STRAIN,  e,   FOR WASPALOY OBTAINED 
FROM ISOTHERMAL UNIFORM COMPRESSION 
TEST 

(Hydraulic press,  20 ipm,  2050 F) 

FIGURE 5-15.    FLOW STRESS, ~,   VERSUS 
STRAIN, T,  FOR Ti-6A1-2Sn-4Zr-2Mo 
OBTAINED FP.OM ISOTHERMAL UNIFORM 
COMPRESSION TEST 

89 (Hydraulic press,  20 ipm,   1750 F) 
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FIGURE 5-16.    FLOW STRESS, ~,  VERSUS 
STRAIN,   e,   FOR Ti-feAl-2Sn-4Z r-2Mo 
OBTAINED FROM ISOTHERMAL UNIFORM 
COMPRESSION TEST 

(Hydraulic press,   80 ipm,   1675 F) 

-ü two        one        o too        o too        one i oro 
STRAIN i-l 

FIGURE 5-18.    FLOW STRESS, ~,   VERSUS 
STRAIN, ~,   FOR WASI'ALOY AT  1150 F, 
2050 F,  AND 2100 F OBTAINED FROM ISO- 
THERMAL UNIFORM COMPRESSION TESTS 
CONDUCTED IN A MECHANICAL PRESS 

FIGURE 5-17.    FLOW STRESS, ~,  VERSUS 
STRAIN, ~,  FOR 403 STAINLESS STEEL AT 
1800 F,   1950 F,  AND 2050 F OBTAINED 
FROM ISOTHERMAL UNIFORM 
COMPRESSION TESTS CONDUCTED IN A 
MECHANICAL PRESS 

FIGURE 5-19.    FLOW STRESS, ~,   VERSUS 
STRAIN, ",  FOR Ti-6A1-2Sn-4Zr-2Mo AT 
1600 F,   1675 F, AND 1750 F OBTAINED 
FROM ISOTHERMAL UNIFORM 
COMPRESSION TESTS CONDUCTED IN A 
MECHANICAL PRESS 
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STRAIN I-I 

FIGURE 5-20.    FLOW STRESS, ~,  VERSUS 
STRAIN, ~,  FOR INCONEL 718 AT 2000 F 
AND 2100 F OBTAINED FROM ISOTHERMAL 
UNIFORM COMPRESSION TESTS CONDUCTED 
IN A MECHANICAL PRESS 
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STRAIN l-l 

FIGURE 5-22.    FLOW STRESS, ~,   VERSUS 
STRAIN, T,  FOR AISI 4340 STEEL AT  1900 F 
AND 2000 F OBTAINED FROM ISOTHERMAL 
UNIFORM COMPRESSION TESTS CONDUCTED 
IN A MECHANICAL PRESS 

0.« 
STRAIN I-] 

FIGURE 5-21.    FLOW STRESS, Ö, VERSUS 
STRAIN, ~,  FOR Ti-8Mo-8V-2Fe-3Al AT 
1650 F,   1850 F,  AND 2000 F OBTAINED FROM 
ISOTHERMAL UNIFORM COMPRESSION 
TESTS CONDUCTED IN A MECHANICAL 
PRESS 

SUMMARY AND DISCUSSION 

The isothermal uniform compression tests 
were conducted under a hydraulic and a mechan- 
ical press.     As the velocity behavior of these 
two machines is drastically different from each 
other,   it is necessary to review the tests con- 
ducted in each press separately. 

Hydraulic I'ress  Tests 

As discussed earlier,  the hydraulic press 
used in the present studies was direct driven. 
Thus,  at the start of the pressing cycle,  the 
action of the press ram falling freely on the tool- 
ing is similar to that of the ram of a hammer. 
In some tests,  this impact had sufficient energy 
to completely deform the test cylinder to approx- 
imately 50 percent reduction in height.     In others, 
the cylinder was only partially deformed during 
the initial impact,  and after the ram slowed 
down drastically,  it was again accelerated by the 
pump pressure and the compression of the cylin- 
der proceeded.    This phenomenon is well illus- 
trated for 403 stainless steel in Figure 5-8 and 
5-9,   and for Waspaloy in Figures 5-12 and 5-13, 
where the strain-rate exhibits a rather erratic 
variation,  due to the irregular acce'eration and 
deceleration of the press ram.    However,   it is 
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interesting to note that the flow stress follows 
approximately the variation in strain rate,  i. e. , 
it increases with increasing strain rate and vice 
versa.    As expected,  the flow stress is lower at 
higher temperatures and lower strain rates,  as 
illustrated in Figures 5-8 through 5-11 for 
403 stainless steel.    A similar observation is 
made for Ti-6Al-2Sn-4Zr-2Mo in Figures 5-14 
through 5-16.    The comparison of Figures 5-11 
and 5-16 illustrate that at a comparable range of 
strain-rates,   10 to 14/sec and a!  respective 
deformation temperatures,  the flow streps for 
403 stainless steel increases with increasing 
strain while that for Ti-6Al-2Sn-4Zr-2Mo de- 
creases with increasing strain.    This is because 
the heat generation and thermal softening are 
significant in the titanium alloy.    This observa- 
tion,  made also in the mechanical press experi- 
ments,  will be discussed again later. 

Mechanical Press Tests 

In mechanical press experiments,  with in- 
creasing strain, the strain rate decreases follow- 
ing a curve similar to a trigonometric function,  as 
seen in Figures 5-17 through 5-22.    This is ex- 
pected considering the displacement-stroke behav- 
ior of a mechanical press.    The decrease in 
strain rate is initially small,   from T - 0 up to 
^ = 0. 4 or 0. 5, but it is drastic toward the end of 
deformation,  i.e.,  toward e^ 0. 7, which corre- 
sponds to about 50 percent reduction in height of 
the compressed samples.    The large drop in 
strain rate toward the end of deformation,  is 
accompanied with a sudden drop in flow stres^ 
for all materials and test temperatures.    This is 
because,  at higher temperature,  the flow stress 
of metals decreases with decreasing strain rate. 

For practical purposes the very sharp,  nearly 
vertical, drop in flow stress values,  for drasti- 
cally decreasing strain rate,   can be ignored. 
(The flow-stress data at very low strain rates 
are significant only in isothermal forging,   in 
which heated dies allow advantage to be taken of 
the  relatively low forging pressures. )   It is then 
observed that,  in 403 stainless steel and 4340 
steel,   flow stress continues to increase and be- 
comes uniform over the practical strain range, 
up to strain ~^. 0. 7.    This observation is in good 
agreement with the fact that flow-stress values 
for steels obtained at constan    strain rate,  given 
in literature,  do not vary with strain. 

For example,  in Table  1-4 of Chapter 1,  the 
C values  (of equation   tT = C ^rn) given for 
403 SS,  for  1470 F,   1830 F,  and 2190 F,  show 
hardly any variation with strain.    This is because 
flow stress values of steels being relatively low 
at hot forming temperatures (20, 000 to 
30,000 psi), the heat generation and softening 
due to the heat-up are relatively insignificant. 

Thus,  for steels, the maximum values given in 
flow-stress-versus-strain curves can be used as 
practical values for the existing strain-rate, £, 
range, namely T — 10 to IS/second. 

For titanium alloys above 1650 F (Table 1-7 
of Chapter 1), the C values decrease slightly 
with increasing strain,  although these data are 
obtained from constant-strain-rate tests,  con- 
ducted on a plastometer.    This decrease of C 
with increasing strain is due to heat-up effects 
during the test.    A similar observation is made 
in Figures 5-18 through 5-20, where the flow 
stress values are relatively high,  in the range 
of 40, 000 to 60,000 psi.    In Figure 5-21,  for 
Ti-8Mo-8V-2Fe-3Al, the flow stress values are 
in the range of 24, 000 to 40, 000 psi and they do 
not significantly decrease with increasing strain. 
Thus,  it can be concluded that for Waspaloy, 
Inconel 718,  and Ti-6Al-2Sn-4Zr-2Mo,  the 
slight decrease of flow stress with increasing 
deformation is largely due to internal heat gen- 
eration and it cannot be explained solely with 
strain-rate effect. 

The internal heat generation encountered dur- 
ing the uniform compression test was discussed 
in detail,  in Chapter 1.    The temperature in- 
crease due to heat generation,  A9,  can be esti- 
mated from 

A 9 = ■ 
J c p 

(5-5) 

where,  using the metric system. 

A9 = temperature increase due tc deforma- 
tion heat,  degree C 

c - heat capacity,  cal/g degree C 

p = density,  g/cm-' 

.1 = conversion factor from mechanical to 
thermal energy,   J = 4. 27 kg mm/Kcal 

." = percentage of mechanical deformation 
energy transformed into neat,   i- ^ 0. 95 

Equation (5-5) illustrates that the temperature 
increase,   V-,  due to heat generation is directly 
proportional to the average flow stress,   and 
inversely proportional to the pn duct of heat 
capacity and specific gravity.    ^ ^ an example, 
let us assume the value of ~ at ~ = 0. 3 as an 
average value for the entire compression test, 
i.e. ,   for about 50 percent reduction in height,  or 
for ~ = 0. 7.     The temperature increase for 
403 stainless steel,   A9S,   at 1800 F and for the 
titanium alloy,  Ti-6Al-2Sn-4Zr-2Mo at  1600 F, 
A9rp(  can be estimated by using Equation 5-5. 
The following approximate values are used; 

t.. . . 92 
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TABLE 5-4.    AVERAGE FLOW-STRESS VALUES SUGGESTED FOR USE IN 
PREDICTING LOADS AND STRESSES IN PRACTICAL 
FORGING OPERATIONS 

(These Data are Summarized From Figures 5-8 Through 5-22) 

Temper- Range of Range of 
Flow Stress, ature, 

c                 ,      ^ 
Strain Rate, 

Material ID3 psi F Strain,   In —- 
1l 

1/ sec From Figure a) 

403 Stainless Steel 33.0 1800 0.3-0. 7 10. 0-14.0 5-17 M 
16.0 1950 0. 1-0. 7 0. 2-1.6 5-8 H 
23.0 1950 0.4-0. 7 16. 0-17.0 5-10 H 
25.0 1950 0.3-0. 7 10. 0-14. 0 5-17 M 
14.0 2050 0. 2 -0. 4 1. 3-2.8 5-9 H 
11. 5 2050 0.4-0. 7 0. 2-Ü. 4 5-9 H 
18.0 2050 0.4-0. 7 2. 0-12. 0 5-11 H 
21.0 2050 0.3-0. 7 10. 0-14. 0 5-17 M 

Waspaloy 27. 5 1950 0. 1-0. 6 0.3 5-12 H 
62. 0 1950 0.2-0. 4 13. 0-15. 0 5-18 M 

56. 0 1950 0.4-0. 6 10. 0-13.0 5-18 M 
22.0 2050 0. 1-0. 7 0. 3-0.4 5-13 H 
52.0 2050 0. 1-0.3 13. 0-15. 0 5-18 M 
48. 0 2050 0.3-0. 6 10. 0-13.0 5-18 M 
46.0 2100 0. 1-0. 3 13. 0-15. 0 5-18 M 
42. 0 2100 0.3-0. 6 10.0-13.0 5-18 M 

Ti-6Al-2Sn-4Zr-2Mo 56. 0 1600 0. 1-0. 4 13. 0-15. 0 5-19 M 

52.0 1600 0.4-0. 6 10. 0-13.0 5-19 M 
18. 0 1675 0. 1-0. 7 0   2-0.4 5-14 H 
23. 0 1675 0.4-0. 7 0. 1 5-16 H 
34, 0 1675 0. 1-0. 3 8. 0-12. 0 5-16 H 
52. 0 1675 0. 1-0. 4 13. 0-15. 0 5-19 M 
46. 0 1675 0. 4-0. 6 10. 0-13. 0 5-19 M 
13. 0 1750 0. 1-0. 4 1. 5-2.0 5-15 H 
11.0 1750 0.4-0. 6 0. 4-1.2 5-15 H 
38. 0 i750 0. 1-0. 4 13. 0-15. 0 5-19 :.i 
34. U 1750 0. 4-0. b 10. 0-13.0 5-19 M 

Inconel 718 54.0 2000 0. 1-0. 4 13. 0-15. 0 5-20 M 
48. 0 2000 0. 4-0. 6 10. 0-13. 0 5-20 M 
46.0 2100 0. 1-0. 4 13. 0-15. 0 5-20 M 
40. 0 2100 0. 4-0. 6 10.0-13.0 5-20 M 

Ti-8Mo-8V-2Fe-3Al 40. 0 1650 0. 1-0. 6 10. 0-15. 0 5-21 M 
28. 0 1850 0. 1-0. 6 10. 0-15. 0 5-21 M 
24.0 2000 0. 1-0.6 10. 0-15.0 5-21 M 

AIS1 4340 25. 0 1900 0. 2-0. 7 10. 0-14. 0 5-22 M 
21. 0 2000 0. 3-0. 8 12. 0-17. 0 5-22 M 

(a)   H designates hydraulic press tests,  M designates mechanical press tests. 
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for titanium «Hoy c^f ~ 56, 000 pal i 
39. 5 kg/mm2 

cT ^ 0. 1125 cal/g degree C 

"»-p ^. 4. 53 g/cm' 

for steel   7ag i 32,000 pax i 22. 5 kg/mm2 

c8 A 0, 16 cal/g degree C 

6S a 7. 86 g/ctn3 

Thus,  the estimated temperature increases would 
be 

for titanium alloy   Af)T ^ 124 C - 225 F 

for steel Aes - 30 C -:50 F 

Considering that the flow stress of the titanium 
alloy is much more temperature dependent than 
steel, the above approximate calculations illus- 
trate why the flow stress of titanium alloy,  in 
this instance, decreases with increasing strain. 

Note that the temperatures calculated above 
are only estimates.    In reality,  heat generation, 
heat loss to the anvils, and decrease of flow 
stress take place simultaneously,  thus the tem- 
perature values given above should be considered 
maximum upper limits. 

Summary of Flow-Stress Data Obtained in 
the Present Study 

The flow-stress-versus-strain data, given in 
Figures 5-8 through 5-22,  may be used for     , 
practical purposes for an average strain rate and 
range of strains.    These data,  summarized in 
Table 5-4 in the form of average values, clearly 
illustrate the well-known fact that the flow stress] 

increases with increasing strain rate and decreas- 
ing temperature.    The data obtained in the hy- 
draulic press, although in general not directly- 
comparable, are essentially consistent with those 
obtained in the mechanical press. 

For 403 stainless steel at  1950 F,   a tenfold 
increase in e results in 50 perrent increase in o. 
For Waspaloy at 1950 F, a fivefold increase in C, 
results in about 100 percent increase in V.    For 
Ti-6Al-2Sn-4Zr-2Mo at 1675 F,  a tenfold in- 
crease in £ results in about  100 percent increase 
in '5.   Similar trends are observed at other tem- 
peratures.    Thus,  it appears that, the order of 
strain-rate dependency of floijv stress for these 
three materials is:   Waspaloy, titanium alloy,  and 
^03 stainless steel. 
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CHAPTER 6 

RING COMPRESSION TESTS FOR DETERMINING FLOW 
STRESS AND FRICTION AT FORGING TEMPERATURES 

by 

J. R. Dmifll« and T. Altm 
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ABSTRACT 

In hot forging,   the metal flow,   the forging  load, and the forging 
energy are determined largely by  (I)   the flow stress of the deforming 
material,   (2)  the friation and cooling effects at die-material interface, 
and (2)  the geometry of the forging.     The ring-compression test offers 
the possibility of simulcaneously determining both the friation and the 
flow stress under temperature arid strain-rate conditions that exist during 
forging. 

This study describes thu fundamentals of the ring-compression test. 
This test was used to obtain simultaneously the friation shear factor and 
the flow stress in upsetting of 6061 aluminum, Ti-7Al-4Mc,   402 stainless 
steel,  Waspaloy,   17-7PH stainless steel,  H-SAl-iV,  Inuonel  718,  Ti-BAl- 
lMo-lV,  707S aluminum, and Udimet  700 at hot-forging temperatures.     The 
details of instrumentation,  sample preparacion,  lubrication,  data recording, 
and evaluation are given.     The experimental program has been designed such 
that the effects of ring thickness,  initial temperature, and rate of 
deformation could be investigated.     For given material,  temperature,  and 
forging speed,  test results give flow stress versus strain at varying 
strain rates.     The results indicate  that these data can be used for 
practical applications,  within a given range of strain rates. 

INTRODUCTION 

In metalforming processes,   the flow of 
metal determines the final shape of the product, 
the mechanical properties related to local de- 
formation,   and the formation of defects such as 
cracks or folds at the surface or at the center. 
The local metal flow during a forming process is 
essentially influenced by 

• Factors related to the material of the work- 
piece:    prior history of deformation,  grain 
size and distribution,  dependency of flow 
stress upon strain,   strain rate,   temperature, 
and anisotropy 

• Factors  related to tooling:   geometrical shape, 
lubrication conditions at the tool-workpiece 
interface,  and tool temperatures 

• Factors  related to forming equipment used: 
deformation speed and contact times under 
load. 

In cold forming,   i.e.,   room-temperature 
forming,   the equipment behavior does not signifi- 
cantly influence the metal flow unless the ma- 
terial is strain-rate dependent at room tempera- 
ture and the friction conditions vary greatly with 
deformation speed.    However,  the velocity 
characteristics of equipment in hot forming 
greatly influence the metal flow and the deforma- 
tion process because most materials are 

strain-rate dependent in the hot-forming tem- 
perature range and the friction conditions vary 
drastically with temperature.    In hot forming, 
die chilling acts like increased friction an-1 
significantly influences metal-flow behavior. 
Thus,  in hot forging,   the metal flow and die fill 
are largely determined by (I) the resistance of 
the forging material to flow,   (2) the friction and 
cooling effects at the die-material interface,  and 
(3) the complexity of the forging shape.    The in- 
fluence of these factors upon the forging process 
is discussed at length in earlier studies. 

pro 
U.i 

Flow stress increases with increasing strain 
rate or ram velocity and with decreasing tem- 
perature.    The magnitude of these variations de- 
pends upnn the specific forging material.    Thus, 
the flow ätiess is essentially a material-dependent 
factor.    However,   in hot forging,   in addition to 
the flow stress of material,   the metal flow is in- 
fluenced by the frictional conditions at the tool- 
matetiai interface.    Since the material is forced 
to flow because of the pressure exerted by the 
tooling,   it is not possible to separate the effects 
of friction from thv? flow behavior of the material. 
Consequently,  to determine the flow properties 
and behavior of ma erials it is necessary,   in ad- 
dition to flo» stress,   to investigate the frictional 
conditions it various temperature and strain-rate 
c inditions. 
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6-2 
B A C K G R O U N D ON RING C O M P R E S S I O N T E S T 

In p r e d i c t i n g l o a d , s t r e s s , and e n e r g y in 
d e f o r m a t i o n p r o c e s s e s , t he f l ow s t r e s s a n d f r i c -
t i o n f a c t o r (o r t h e f r i c t i o n c o e f f i c i e n t ) m u s t b e 
r e a s o n a b l y w e l l e s t i m a t e d . T h e r i n g t e s t h a s 
p r o v e d to be v e r y u s e f u l in p r e d i c t i n g t he f r i c t i o n 
f a c t o r u n d e r v a r i o u s t e m p e r a t u r e , l u b r i c a t i o n , 
a n d s t r a i n - r a t e c o n d i t i o n s . 

T h e r i n g t e s t c o n s i s t s of c o m p r e s s i n g a f l a t 
r i n g - s h a p e d s p e c i m e n to a known r e d u c t i o n , F i g -
u r e 6 - 1 . T h e c h a n g e in i n t e r n a l and e x t e r n a l 
d i a m e t e r s of t h e f o r g e d r i n g i s v e r y m u c h d e p e n -
d e n t upon the f r i c t i o n a t t h e t o o l - s p e c i m e n i n t e r -
f a c e . T h e i n t e r n a l d i a m e t e r of t h e r i n g is r e -
d u c e d if t h e i n t e r f a c e f r i c t i o n i s l a r g e ; i n c r e a s e d 
if f r i c t i o n i s l ow. T h u s , t h e c h a n g e in t h e 
i n t e r n a l d i a m e t e r r e p r e s e n t s a s i m p l e m e t h o d f o r 
e v a l u a t i n g i n t e r f a c e f r i c t i o n . 

Neutral surface Direction of 
metal flow 

Ring specimen 
Upper die 

Lower die 
<L 

F I G U R E 6 - 1 . M E T A L F L O W IN RING 
C O M P R E S S I O N 

In ho t f o r m i n g , a s d i e t e m p e r a t u r e s u s u a l l y 
a r e l o w e r t h a n b i l l e t t e m p e r a t u r e s , d i e c h i l l i n g 
r e s u l t s . T h i s e f f e c t i n f l u e n c e s t h e f r i c t i o n a l 
c o n d i t i o n s , and i t i s i n c l u d e d in t h e m e a s u r e m e n t 
of t he f r i c t i o n f a c t o r by u s i n g t h e r i n g t e s t a t h o t -
f o r g i n g t e m p e r a t u r e s . D ie c h i l l i n g , h o w e v e r , 
a l s o i n f l u e n c e s t h e t e m p e r a t u r e of t he d e f o r m i n g 
b i l l e t a n d , c o n s e q u e n t l y , i t s f low s t r e s s . I t , 
t h e r e f o r e , i s d i f f i c u l t t o e s t i m a t e t h e a c t u a l f low 
s t r e s s , "a, and the f r i c t i o n f a c t o r , f , (or t he s h e a r 
f a c t o r , m ) u n d e r p r a c t i c a l f o r g i n g c o n d i t i o n s . 
Once t h e s e two v a l u e s a r e known , s h e a r s t r e s s , 
T, i s g i v e n b y : 

T = ? j f " . (6-1) 

R e c e n t l y , Sau l , M a l e , and D e p i e r r e ^ ' 
s u g g e s t e d t h a t t he r i n g t e s t c a n b e u s e d f o r s i -
m u l t a n e o u s l y d e t e r m i n i n g f l ow s t r e s s (a) and 
s h e a r f a c t o r (m). T h e y u s e d the u p p e r - b o u n d 
a n a l y s i s of t he r i n g c o m p r e s s i o n w i thou t bu lg ing 
and s h o w e d t h a t t h i n r i n g s (with O D : I D : t h i c k n e s s 
r a t i o s of 6 : 3 : 0 . 5 and 6 :3 :1) g a v e good r e s u l t s in 
r o o m - t e m p e r a t u r o s t u d i e s . In t h e p r e s e n t s t u d y 
t h i s p r i n c i p l e h a s b e e n f u r t h e r d e v e l o p e d and a p -
p l i ed to d e t e r m i n e s i m u l t a n e o u s l y t h e f l ow s t r e s s , 
a , and t h e s h e a r f a c t o r , m , in f o r g i n g v a r i o u s 
m a t e r i a l s a t d i f f e r e n t t e m p e r a t u r e s . T h e d e t a i l s 
of t he a n a l y s i s , u s e d f o r t h e o r e t i c a l l y s i m u l a t i n g 
t h e r i n g - c o m p r e s s i o n t e s t , a r e d i s c u s s e d in 
A p p e n d i x 6 - A . 

T h e U s e of R ing T e s t f o r D e t e r m i n i n g F r i c t i o n 

T o o b t a i n t he m a g n i t u d e of t h e f r i c t i o n , t h e 
i n t e r n a l d i a m e t e r of t h e c o m p r e s s e d r i n g m u s t be 
c o m p a r e d wi th t he v a l u e s p r e d i c t e d by u s i n g 
v a r i o u s f r i c t i o n f a c t o r s , f , o r s h e a r f a c t o r s , m . 
F o r t h i s p u r p o s e , t h e u p p e r - b o u n d a n a l y s i s and 
t h e a s s o c i a t e d c o m p u t e r p r o g r a m w e r e u s e d . 
T h e c o m p u t e r p r o g r a m m a t h e m a t i c a l l y s i m u l a t e s 
t h e r i n g - c o m p r e s s i o n p r o c e s s f o r g i v e n s h e a r 
f a c t o r s , m , by i n c l u d i n g t h e b u l g i n g of t he f r e e 
s u r f a c e s . T h u s , r i n g d i m e n s i o n s f o r v a r i o u s r e -
d u c t i o n s in h e i g h t a n d s h e a r f a c t o r s (m) c a n b e 
d e t e r m i n e d . T h i s i s t h e c o n v e n t i o n a l w a y of r e -
p r e s e n t i n g t h e o r e t i c a l c a l i b r a t i o n c u r v e s u s e d in 
e v a l u a t i n g f r i c t i o n wi th t h e r i n g t e s t . Such c a l i -
b r a t i o n c u r v e s a r e g i v e n in F i g u r e 6 - 2 f o r r i n g s 
h a v i n g O D : I D : t h i c k n e s s r a t i o of 6 :3 :2 , 6 : 3 : 1 , and 
6 : 3 : 1 / 2 , r e s p e c t i v e l y . T h e i n t e r n a l d i a m e t e r s 
u s e d in F i g u r e 6 - 2 a r e t h e d i a m e t e r s a t t h e 
i n t e r n a l b u l g e . In d e t e r m i n i n g t h e v a l u e of t h e 
s h e a r f a c t o r (m) f o r a g i v e n e x p e r i m e n t a l c o n -
d i t i o n , t h e m e a s u r e d d i m e n s i o n s ( r e d u c t i o n in 
h e i g h t and v a r i a t i o n in i n t e r n a l d i a m e t e r ) a r e 
p l a c e d on t h e a p p r o p r i a t e c a l i b r a t i o n f i g u r e . 
F r o m the p o s i t i o n of t h a t po in t w i th r e s p e c t t o 
t h e o r e t i c a l c u r v e s g i v e n f o r v a r i o u s m ' s , t he 
v a l u e of t he s h e a r f a c t o r (m) , w h i c h e x i s t e d in t h e 
e x p e r i m e n t , i s o b t a i n e d . 

T h i s p r o c e d u r e a s s u m e s t h a t t he e x p e r i -
m e n t a l m v a l u e r e m a i n e d c o n s t a n t . T h i s a s -
s u m p t i o n i s not n e c e s s a r i l y c o r r e c t and r e -
p r e s e n t s on ly a p r a c t i c a l a p p r o x i m a t i o n . F o r a 
d e t a i l e d s t u d y of g i v e n f o r g i n g c o n d i t i o n s ( e . g . , 
l u b r i c a t i o n , d i e and s a m p l e t e m p e r a t u r e s , f o r g i n g 
s p e e d ) it i s n e c e s s a r y t o c o n d u c t r i n g t e s t s a t 
v a r i o u s r e d u c t i o n s . T h u s t h e v a r i a t i o n of m wi th 
t h e r e d u c t i o n in h e i g h t w i l l b e d e t e r m i n e d e x p e r i -
m e n t a l l y . T h i s v a r i a t i o n c a n t h e n be c o m p a r e d 
wi th a c a l i b r a t i o n c u r v e t h a t i s a l s o d e v e l o p e d by 
u s i n g a s h e a r f a c t o r (m) v a r y i n g wi th r e d u c t i o n 
in h e i g h t . 

T h e U s e of Ring T e s t F o r D e t e r m i n g F l o w S t r e s s 

In p r e d i c t i n g f o r g i n g l o a d s and e n e r g i e s , 
t h e f low s t r e s s of t he d e f o r c i n g m a t e r i a l m u s t b e 
e s t i m a t e d a t t h e t e m p e r a t u r e and s t r a i n - r a t e c o n -
d i t i o n s , t h a t e x i s t d u r i n g the a c t u a l f o r g i n g p r o -
c e s s . E s t i m a t i n g a v e r a g e s t r a i n - r a t e v a l u e s is 
no t t oo d i f f i c u l t s i n c e , w i t h i n a p p r o x i m a t i o n s , t h e 
v e l o c i t y of t h e f o r g i n g e q u i p m e n t and t h e a v e r a g e 
h e i g h t of t h e f o r g i n g a r e known d u r i n g t h e p r o c e s s . 
H o w e v e r , i t i s f a r m o r e d i f f i c u l t t o e s t i m a t e t he 
t e m p e r a t u r e s in t h e f o r g i n e d u r i n g d e f o r m a t i o n 
b e c a u s e h e a t t r a n s f e r d e p e n d s u p o n i n i t i a l d i e 
and s t o c k t e m p e r a t u r e s , c o n t a c t t i m e , and the 
h e a t - t r a n s f e r c o e f f i c i e n t a t t he d i e - m a t e r i a l 
i n t e r f a c e . A l l t h e s e f a c t o r s a r e v e r y d i f f i c u l t t o 
e s t i m a t e , and t h e y m a t e r i a l l y i n f l u e n c e t h e a c -
c u r a c y of t e m p e r a t u r e c a l c u l a t i o n s . It i s , t h e r e -
f o r e , p r a c t i c a l t o u s e a r i n g - c o m p r e s s i o n t e s t t o 
s i m u l a t e t h e f o r g i n g o p e r a t i o n by e m p l o y i n g 
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6 - 3 

a . 6 :3 :2 R a t i o 
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b . 6 :3 :1 R a t i o 

I 
f » 
i 
i 

c . 6 : 3 : 0 . 5 R a t i o 

F I G U R E 6 - 2 . T H E O R E T I C A L C A L I B R A T I O N 
C U R V E S F O R U P S E T T I N G A RING HAVING 
I N D I C A T E D OD, ID, AND T H I C K N E S S RATIOS 

i d e n t i c a l i n i t i a l t e m p e r a t u r e s , d e f o r m a t i o n r a t e s , 
a n d l u b r i c a t i o n c o n d i t i o n s . T h u s , t he flow s t r e s s 
m e a s u r e d i n t h e r i n g t e s t w i l l i n c l u d e t h e e f f e c t s 
of t e m p e r a t u r e v a r i a t i o n s . F o r t h i s p u r p o s e , 
r i n g s of v a r i o u s v o l u m e to s u r f a c e r a t i o s c a n b e 
u s e d a n d , p o s s i b l y , m o r e r e l i a b l e v a l u e s of flow 
s t r e s s ((F) and s h e a r f a c t o r (m) c a n b e o b t a i n e d 
s i m u l t a n e o u s l y f r o m a s i n g l e t e s t . 

T h e b r i e f d i s c u s s i o n g i v e n a b o v e e x p l a i n s 
t h e p r a c t i c a l s i g n i f i c a n c e of t h e r i n g t e s t i n d e -
t e r m i n i n g t h e f l o w - s t r e s s d a t a . T h e s e d a t a c a n 
t h e n b e u s e d f o r p r e d i c t i n g l oad and e n e r g y in 
a c t u a l h o t - f o r m i n g o p e r a t i o n s . 

In o r d e r t o u s e t h e r i n g - c o m p r e s s i o n t e s t 
f o r d e t e r m i n i n g t h e flow s t r e s s f r o m e x p e r i m e n t a l 
d a t a , t h e a n a l y s i s of t h e r i n g t e s t h a s b e e n 
s l i g h t l y m o d i f i e d , and a c o m p u t e r p r o g r a m h a s 
b e e n w r i t t e n f o r t h i s p u r p o s e . U s i n g t h e m v a l u e s 
and t h e load v e r s u s r e d u c t i o n d a t a d e t e r m i n e d w i t h 
t h e r i n g u p s e t t i n g e x p e r i m e n t , t h i s m o d i f i e d c o m -
p u t e r p r o g r a m c a l c u l a t e s t he a v e r a g e flow s t r e s s , 
G, a t v a r i o u s r e d u c t i o n s . In t h i s p r o c e d u r e , i t i s 
a s s u m e d t h a t m r e m a i n s c o n s t a n t t h r o u g h o u t t h e 
d e f o r m a t i o n p r o c e s s . T h i s a s s u m p t i o n i s u s e f u l 
in s i m p l i f y i n g t h e e x p e r i m e n t a l w o r k , in r e d u c i n g 
t h e a m o u n t of n e c e s s a r y c o m p u t a t i o n s , a n d g i v e s 
a p p r o x i m a t e , bu t p r a c t i c a l , r e s u l t s . F o r a m o r e 
d e t a i l e d and p r e c i s e a n a l y s i s it i s n e c e s s a r y to 
c o n s i d e r t h e v a r i a t i o n of m d u r i n g c o m p r e s s i o n 
p r o c e s s . 

T h u s , t h e a v e r a g e f low s t r e s s c a n b e d e -
t e r m i n e d by u s i n g t h e e x p e r i m e n t a l d a t a a s w e l l 
a s t h e t h e o r e t i c a l l y d e t e r m i n e d r a t i o s R = L o a d / 

E Q U I P M E N T , I N S T R U M E N T A T I O N , AND 
E X P E R I M E N T A L P R O C E D U R E 

T h e e q u i p m e n t a n d t h e i n s t r u m e n t a t i o n u s e d 
in c o n d u c t i n g t h e r i n g c o m p r e s s i o n t e s t s , 
a l t h o u g h the s a m e a s t h o s e u s e d in p e r f o r m i n g t h e 
i s o t h e r m a l c o m p r e s s i o n t e s t s d e s c r i b e d in C h a p t e r 
5, a r e b r i e f l y r e v i e w e d b e l o w . 

E q u i p m e n t and I n s t r u m e n t a t i o n 

T h e r i n g - c o m p r e s s i o n t e s t s w e r e c o n d u c t e d 
in a m e c h a n i c a l f o r g i n g p r e s s of s c o t c h - y o k e d e -
s i g n . T h i s p r e s s , r a t e d 500 t o n s a t 0 . 2 5 i n c h 
b e f o r e b o t t o m d e a d c e n t e r , h a s a 1 0 - i n c h s t r o k e 
a n d a f o r g i n g r a t e e q u i v a l e n t to 90 s t r o k e s p e r 
m i n u t e . T h e d r i v e of t h i s p r e s s i s b a s i c a l l y a 
s l i d e r - c r a n k m e c h a n i s m t h a t t r a n s l a t e s r o t a r y 
i n t o r e c i p r o c a t i n g l i n e a r m o t i o n . The e c c e n t r i c 
s h a f t i s c o n n e c t e d , t h r o u g h a n a i r - o p e r a t e d , 
m u l t i p l a t e f r i c t i o n c l u t c h , d i r e c t l y to t h e f l y w h e e l . 
T h e flywheel, d r i v e n by a.n e l e c t r i c m o t o r and 
" V " b e l t s , s t o r e s e n e r g y t h a t i s u s e d only d u r i n g 
a s m a l l p o r t i o n of t h e c ra - ik r e v o l u t i o n , n a m e l y 
d u r i n g d e f o r m a t i o n of t h e f o r g e d m a t e r i a l . T h e 
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6-4 

T h e c o n s t a n t c l u t c h t o r q u e i s a v a i l a b l e a t t he 
e c c e n t r i c s h a f t w h i c h t r a n s m i t s t h e t o r q u e and t h e 
flywheel e n e r g y t o t h e s l i d e , t h r o u g h t h e S c o t c h -
y o k e m e c h a n i s m . 

D u r i n g t h e r i n g - c o m p r e s s i o n t e s t s , the load 
w a s m e a s u r e d on the s t r a i n b a r s a t t a c h e d on f o u r 
c o l u m n s of t h e p r e s s . T h e d i s p l a c e m e n t m e a s u r e -
m e n t s w e r e m a d e u s i n g a l i n e a r v a r i a b l e d i f -
f e r e n t i a l t r a n s f o r n r ( L V D T ) . T h e c o r e of t he 
L V D T , f i x e d r e l a t i v e to t he r a m of t he p r e s s , 
m o v e d t h r o u g h t h e c e n t e r of t h e L V D T c o i l s a t -
t a c h e d to t h e p r e s s f r a m e . T o a c c o m p l i s h t h i s 
r e l a t i v e m o t i o n , t h e c o r e w a s s u s p e n d e d b e t w e e n 
b r a s s r o d s ( n o n m a g n e t i c ) w h i c h w e r e in t u r n a t -
t a c h e d to t h e p r e s s f r a m e . T h u s , t h e m o t i o n of 
t h e c o r e w a s c o m p l e t e l y d e p e n d e n t on t he m o t i o n 
of t he r a m . T h e o u t p u t s f r o m t h e L V D T and t h e 
s t r a i n b a r s w e r e r e c o r d e d on a m u l t i c h a n n e l f i i gh -
s p e e d , l i g h t - b e a m r e c o r d e r ( C e n t u r y E l e c t r o n i c s 
M o d e l 470) . 

The p r e s s u s e d in t h e p r e s e n t e x p e r i m e n t 
had a n o m i n a l s p e e d of 90 s t r o k e s p e r m i n u t e . 
In o r d e r to c o n d u c t c o m p r e s s i o n t e s t s a t l o w e r 
s p e e d s , 70 and 60 s t r o k e s p e r m i n u t e , t h e d r i v e 
m o t o r w a s s h u t off a f t e r t h e f l y w h e e l r e a c h e d i t s 
n o m i n a l s p e e d and the flywheel s p e e d , w h i c h w a s 
t h e n d e c r e a s i n g , w a s m o n i t o r e d by u s i n g a d - c 
t a c h o m e t e r . When it r e a c h e d the r e q u i r e d s p e e d 
of 70 o r 60 r p m , t h e p r e s s c l u t c h w a s e n g a g e d 
a n d , t h u s , t he e c c e n t r i c s h a f t w a s d r i v e n a t t h a t 
m o n i t o r e d s p e e d . 

E x p e r i m e n t a l P r o c e d u r e 

The r ing c o m p r e s s i o n t e s t J c o n d u c t e d in 
t h i s s t u d y a r e s u m m a r i z e d in T a b l e 6 - 1 . T h e s e 
t e s t s a r e d i v i d e d in to two g r o u p s . 

(1) H i g h - t e m p e r a t u r e t e s t s w i th 403 s t a i n l e s s 
s t e e l (SS) a t 1800 F , T i - 7 A l - 4 M o a t 1750 F , 
a n d 6061 a l u m i n u m a t 800 F . In t h e s e t e s t s 
t h e p r e s s s p e e d w a s m a i n t a i n e d c o n s t a n t bu t 
t h e t h i c k n e s s of t h e r i n g s a m p l e s w a s 
c h a n g e d . T h e p u r p o s e of t h e s e e x p e r i m e n t s 
w a s to i n v e s t i g a t e t he c o m b i n e d e f f e c t of d i e 
ch i l l ing and s t r a i n r a t e upon t h e flow s t r e s s . 

(2) H i g h - t e m p e r a t u r e t e s t s w i t h a n u m b e r of 
m a t e r i a l s a t d i f f e r e n t p r e s s s p e e d s u s i n g 
t h e s a m e s a m p l e t h i c k n e s s e s . T h e p u r p o s e 
of t h e s e e x p e r i m e n t s w a s t o i n v e s t i g a t e t he 
e f f e c t of d e f o r m a t i o n r a t e upon the flow 
s t r e s s . 

In a l l e x p e r i m e n t s , h a r d e n e d f l a t d i e s 
w i t h a s u r f a c e f i n i s h of a b o u t 25 m i c r o i n c h e s 
(CLA) w e r e u s e d . T h e f l a t d i e 3 w e r e h e a t e d to 
350 F s o t h a t p r a c t i c a l f o r g i n g c o n d i t i o n s cou ld 

be s i m u l a t e d . T h e 6061 a l u m i n u m s a m p l e s w e r e 
c o m p r e s s e d a t 800 F , a n d t h e d i e s w e r e l u b r i -
c a t e d w i t h a g r a p h i t e - w a t e r s p r a y ( D e l t a f o r g e 43 
of A c h e s o n C o l l o i d s C o m p a n y , P o r t H u r o n , 
M i c h i g a n ) . S a m p l e s of a l l t h e o t h e r m a t e r i a l s , 
c o m p r e s s e d a t t h e i r r e s p e c t i v e f o r g i n g t e m -
p e r a t u r e s , w e r e d i p p e d in to t h e s o l u t i o n of a 
g l a s s - b a s e l u b r i c a n t ( D e l t a f o r g e 347 of A c h e s o n 
C o l l o i d s C o m p a n y , d i l u t e d i n i s o p r o p a n o l w i th 
s o l i d c o n t e n t of 15 p e r c e n t p e r w e i g h t ) p r i o r t o 
h e a t i n g . In a d d i t i o n , t h e d i e s w e r e l u b r i c a t e d w i t h 
t he g r a p h i t e s p r a y , D e l t a f o r g e 4 3 . T h e s a m p l e s 
w e r e p l a c e d on t h e l o w e r d i e , on t o p of a 0 . 030 
i n c h - d i a m e t e r m i l d - s t e e l w i r e , in o r d e r t o p r e -
v e n t e x c e s s i v e d i e c h i l l i n g p r i o r t o d e f o r m a t i o n . 
The t r a n s f e r t i m e ( t i m e n e c e s s a r y to t a k e the 
s a m p l e f r o m the f u r n a c e and to p l a c e i t on t h e 
l o w e r d ie ) w a s a p p r o x i m a t e l y 3 s e c o n d s . 

S i n c e t he p u r p o s e of t h i s s t u d y w a s p r i m a r i l y 
to d e v e l o p and a p p l y t he r i n g - c o m p r e s s i o n - t e s t 
t e c h n i q u e , no a t t e m p t w a s m a d e to o p t i m i z e t h e 
l u b r i c a t i o n c o n d i t i o n s in t he e x p e r i m e n t s . 

E v a l u a t i o n of E x p e r i m e n t a l R e s u l t s 

T h e d i m e n s i o n s of c o m p r e s s e d r i n g s w e r e 
m e a s u r e d . F r o m the v a r i a t i o n of t h e i n t e r n a l 
d i a m e t e r , t h e f r i c t i o n s h e a r f a c t o r , m , w a s d e -
t e r m i n e d f o r e a c h s a m p l e by u s i n g the a p p r o p r i a t e 
c a l i b r a t i o n c u r v e g i v e n in F i g u r e 6 - 1 . T h e c o -
o r d i n a t e s of p o i n t s w e r e r e a d f o r t h e d i s p l a c e m e n t 
and load f r o m t h e o s c i l l o g r a p h r e c o r d i n g s and 
p u n c h e d on d a t a c a r d s . T h e s e l o a d - d i s p l a c e m e n t 
d a t a , i n i t i a l and f i n a l r i n g d i m e n s i o n s , and the 
s h e a r f a c t o r , m , r e p r e s e n t e d t h e inpu t d a t a f o r 
t h e c o m p u t e r p r o g r a m . A s d i s c u s s e d e a r l i e r , 
t h e c o m p u t e r p r o g r a m c a l c u l a t e s a a v e a s a f u n c t i o n 
of r e d u c t i o n f r o m t h e e x p e r i m e n t a l load d a t a . T h e 
ou tpu t of the c o m p u t e r p r o g r a m i s o b t a i n e d a s 
C a l c o m p p l o t s of f l ow s t r e s s v e r s u s r e d u c t i o n in 
h e i g h t and of s t r a i n r a t e v e r s u s r e d u c t i o n in h e i g h t . 
T h e r e s u l t s a r e g i v e n a s a f u n c t i o n of r e d u c t i o n in 
h e i g h t b e c a u s e t h e y a r e e a s i e r to u s e f o r p r a c t i c a l 
a p p l i c a t i o n in f o r g i n g p r o c e s s d e s i g n . T h u s , t he 
p r o b l e m of c a l c u l a t i n g a n a v e r a g e s t r a i n in t he 
n o n u n i f o r m l y d e f o r m e d r i n g s is a l s o a v o i d e d . ^ 

T h e r e s u l t s of t he r i n g t e s t s , l i s t e d in 
T a b l e 6 - 1 , a r e g i v e n in F i g u r e s 6 - 3 t h r o u g h 6 -5. 
In F i g u r e 6 - 3 , t h e f l o w s t r e s s and s t r a i n - r a t e 
d a t a a r e g i v e n f o r t h r e e m a t e r i a l s . E a c h c h a r t 
c o n t a i n s t h e i n f o r m a t i o n o b t a i n e d f o r one m a t e r i a l 
a t one p r e s s s p e e d u s i n g t h r e e r i n g s of d i f f e r e n t 
t h i c k n e s s e s . T h e s e r e s u l t s i l l u s t r a t e t he c o m -
b i n e d e f f e c t of d i e c h i l l i n g and s t r a i n r a t e f o r 
t h r e e m a t e r i a l s . F i g u r e 6 - 4 i l l u s t r a t e s t h e 
v a r i a t i o n of s t r a i n r a t e wi th r e d u c t i o n in h e i g h t a t 
p r e s s s p e e d s of 90, 70, and 60 s t r o k e s p e r m i n u t e . 
In a l l t h e t e s t s r i n g s a m p l e s wi th 1 - i n c h i n i t i a l 
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tAftt ». t 1. HUH. t UMtfllUHUuN TKÜT» CONDUCTED IN THIS STUDY AND 
Ttlt. AVtKAtit rUOW'STRCSS VALUES SUGGESTED KOR USK 
IN PRACTICAL AHPUCATIONS 

Ihor data atp luniniartxed (rom Figures 6-3 through 6-5. 

Kangr ot 
Flow Hlreaa, Strain-Rale, Friction Shear Contact Time, From Ring Ratio 

Maltntl I01 pit Temperature,   F            1/aec Factor,  m seconds Figure (RR)* 

606 1 Al 9 800 18-22 0.4 0.038 6-3 a 
■» BOO 15-17 0. 31 0.047 6-3 b 
7 800 10-13 0.53 0.079 6-3 c 

Ti-7Al-4Mo 48 1750 13 0.42 0. 033 6-3 d 
30 1750 18-23 0.42 0.044 6-3 e 
30 1750 15-18 0.7 0.056 6-3 f 

403 SS W 1800 25-28 0.23 0.029 6-3 d 
33 1800 25-27 0.24 0.037 6-3 e 
33 1800 16-18 0.34 0.047 6-3 t 

403 SS 32 1950 20 0,28 0.06 6-5 f 
28 1950 16 0  29 0. 07 6-5 f 
25 2050 20 0.35 0.0b. 6-5 f 
19 2050 16 0.43 0.07 6-5 f 

Waspaloy 55 2100 20 0. 18 0.06 6-5 f 
50 2100 13-16 0.21-0.24 0. 07-0. 09 6-5 f 

17-7PH SS 34 1950 13-20 0.22-0. 28 0. 06-0. 09 6-5 f 
22 2100 16-20 0.35 0.06-0.07 6-5 f 
18 2100 13 0. 31 0.09 6-5 f 

Ti-6A1-4V 43 1700 20 0. 30 0. 06 6-5 f 
35 1700 13-16 0.29-0.34 0. 07-0. 09 6-5 1 
27 1750 16-20 0.32-0.46 0.06-0.07 6-5 ( 
20 1750 13 0.38 0. 09 6-5 f 

Inconel 718 65 2000 16-20 0. 17-0. 18 0. 06-0. 07 6-5 f 
58 2000 13 0. 18 0  0Q 6-5 f 

50 2100 20 0. 33 0.06 6-5 f 
48 2100 13-16 0.29-0. 30 0.07-0.09 6-5 t 

Ti-8Al-lMo-V 50 1750 13-16 0. 22-0. 26 0.07-0.09 6-5 I 
47 1750 20 0.27 0.06 6-5 I 
40 1800 13-16 0.27-0. 32 0.07-0.09 6-5 I 
27 1800 20 0.27 0.06 6-5 I 

7075 Al 19 700 13-20 0. 36-0.42 0.06-0.09 6-5 g 
16 800 13-20 0. 31-0. 49 0.06-0. 09 6-5 g 

Udimet 65 
at  10 to 30 

percent 
reduction 

2050 14-17 0.4 not measured 6-5 f 

i 

'Ring dimensions in inches,  OD:ID:thickness 
a  - 6:3:0. 5.   b - 6:3:1,   c   - 6:3:2,  d - 3:1. 5:0,2 5.   e 3:1. 5:0. 5,   f - 3:1. 5:1,   g - 5:3:1. 
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Stnin RatM 

30 SO 40 90 CO 

Reduction in Height, percent 

403SS 
Temp:    1800 F 
Press Speed:    90 SPM 

a. RD = 3:1.5.0.25 
m = 0.23 

t = 0.0i9 

b. RD = 3:1. 5:0   5 
m = 0.24 

t = 0.037 

c. RD = 3:1.5:1 
m = 0. 34 

t = 0.047 

Ti-7Al-4Mo 
Temp:    1750 F 
Press Speed:    90 SPM 

a. RD = 3:1. 5:0.25 
m = 0.42 

t = 0.033 

b. RD = 3:1. 5:0. 5 
m = 0.42 

t = 0.044 

c. RD = 3:1. 5: I 
m = 0.7 

t = 0.056 

Aluminum 6061 
Temp:    800 F 
Press Speed:    90 SPM 

a. RD = 6:3:0. 5 
m = 0.40 

t = 0.038 

b. RD = 6:3:1 
m =0.31 

t =0.047 

c. RD = 6:3:2 
m = 0.53 

t = 0.079 

FIGURE 6-3.    FLOW STRESS AND STRAIN RATE VERSUS REDUCTION IN 
HEIGHT FOR RINGS OF VARIOUS THICKNESS 

RD = ring dimensions in inches,   OD:ID:thickness 
m = friction shear factor 
t = contact time,   second. 
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halghl war« tompra***4 lu »ppruatmAlsIv '•« pcr- 
• »lit r»<lu. n.in,    Thua,   lha 4*1« un alrain-iala and 
■ ..nun ilmaa glvan tn >1gura fc-4,  ara rapraaanla- 
llva of (he laala conduclad (or Invaallgallni lha 
combtnad affacl of praaa apaad (or «lain rata) and 
contact tlma (or dla chilling) upon tha How atreaa 
of varloua materiala. 

c 
p 

' 90 tlraMt/mm 
Iconfoct tlm« -0099MC) 

I 70 ttroti«i/min 
(conloct l)m«-0 070f«) 

7 60 itrokM/min 
{contoct timt^OOSe MC) 

20 50 40 
Reduction in Height, percent 

FIGURE 6-4.    STRAIN RATE VERSUS REDUCTION 
IN HEIGHT (ABOUT 50 PERCENT) IN COMPRESS- 
ING RINGS (3 INCH OD: 1.5 INCH ID: 1.0 INCH 
THICK) IN A MECHANICAL PRESS AT VARIOUS 
SPEEDS 

Press stroke = 10 inch,  nominal capacity = 500 
tons, nominal idle speed = 90 strokes/minute. 

SUMMARY AND CONCLUSIONS 

The results of the ring tests conducted in 
this study are given in Figures 6-3 through 6-5, 
and summarized in Table 6-1.    This table gives 

• The average flow stress values for various 
materials at different temperatures 

• The range of strain rate for each test 

• The friction shear factor,   in each test 

• The contact time for each test (this is the time 
during which the deforming ring remains in 
contact with the dies until the selected reduc- 
tion in height is reached. ) 

The variation of strain rate with reduction, 
as seen in Figures 6-3 and 6-4,  is typical for a 
mechanical press.    The decrease in strain rate, 
small at the start of compression,  is drastic 

Inward lha and u| dafurntallon whan lha praaa 
ram apftruathaa Ih« buiii>rn daad tanlar.    Mow- 
avar,  for all pratmal purposaa ihts suddan drop 
in alrain raia ran ba ignorad in aalaiiing lha ap- 
pruatmala flow alraas valu« (or a glvan lasl. 

Effect of Ring Thlcknesa Upon Flow Streas 

In the teats conducted with 6061 Al, 
Ti-7Al-4Mo,  and 403SS,  the respective teat tem- 
peratures and the nominal press speed,  90 strokes 
per minute,  were not changed,  but samples of 
three different thicknesses were used.    The ring 
samples had dimensional ratios,  OD:ID:thicknes8, 
of 6:3:2,  6:3:1, and 6:3:1/2. 

With decreasing ring thickness, the stra n 
rate increases,  the contact time decreases, but 
the die chilling effects are increased.   As the 
heat content of a thinner ring is less than that of 
a thicker one, the effect of cooling, due to die 
contact,  is expected to be more significant in a 
thin ring. 

The flow-stress data,  obtained by using 
rings of various sizes, include the combined 
influences of heat transfer and strain rate during 
deformation.    Note, however, that in our ex- 
periments the strain-rate variation is not very 
large.    Therefore,  in most cases, the tempera- 
ture effects are expected to be more significant. 
The results,  which are expected to be different 
for different materials, can be summarized as 
follows. 

6061 Aluminum With 6-Inch OD Rings.   The 
results.   Figure 6-3,  indicate that the flow stress 
is lowest with the thickest sample (6:3:2).   Al- 
though the contact time was also the longest,  for 
the thickest sample the bulk temperature of the 
initially 2-inch-thick sample did not drop ap- 
preciably during the test.    The thinner samples, 
(6:3:1 »nd 6:3:0.5),  give approximately the same 
results.    Apparently,  the difference in strain 
rates is not significant, and the effects of cooling 
are approximately the same for thicker and thin- 
ner rings because the contact time increases with 
sample thickness and vice versa. 

Ti-7Al-4Mo.    As shown in Figure 6-3,  the 
die chilling effects are most   significant for the 
thinnest Ti-7Al-4Mo ring (dimensions in inches 
3:1. 5:0. 5),  and the increase in flow stress is 
rather significant.    This result is expected since 
titanium alloys are very much temperature,  as 
well as strain-rate, dependent.    The samples 
(b) and (c) do not show any significant difference 
in flow stress.    This is apparently because,  in 
terms of heat transfer, the increase in contact 
time and in thickness has approximately the same 
effect as decrease in contact time and thickness. 
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20B0F 

RMuCKCt in Mtight, ptrctrtt 

403SS 
P.S. m 

a. 
b. 
c. 
d. 

90SPM, 0.28 
70 SPM, 0.29 
90 SPM, 0.35 
70 SPM, 0.43 

0            10 »0          SO          40          » 
RMuCtion m Htight.pcrcint 

Ti-8Al-lMo-lV 

P.S.          m 
a. 90 SPM,   0.27 
b. 70 SPM,   0.22 
c. 60 SPM,   0.26 
d. 90 SPM,   0.27 
e. 70 SPM,   0.27 
f. 60 SPM,  0.32 

E 6-5. FLOW STRESS 

WAS PALO Y 

P.S. m 
a. 90 SPM, 0. 18 
b. 70 SPM, 0.21 
c. 60 SPM. 0.24 

'rH~ 
^ 

cr—^ 

I 1 

1800 F 

o           < ?0                JO               «0                40                fc 

B«»«CIK»I if Hwghi, owe»« 

INCONEL 718 

P.S.         m 
a. 90 SPM,  0. 18 
b. 70 SPM,  0. 17 
c. 60 SPM,  0. 18 
d. 90 SPM,  0.33 
e. 70 SPM,  0.30 
f. 60 SPM,  0.29 

FLOW STRESS VERSUS REDUCTION IN HEIGHT OBTAINED IN COMPRESSING 
RINGS AT VARIOUS STRAIN RATES GIVEN IN FIGURE 6-4 

Ring ratios were 3:1.5:1 except for aluminum which was 5:3:1 
P.S.   = press speed in strokes per minute 

m = friction shear factor. 
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UDIMET 700 
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in height 
greater than 
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Ti-6A1- 4 ' 

a. 
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f. 60 SPM, 0. 38 

0                       10 ?0                      SO 
ReOuCon .n-if.gfit , D*'' 

«0                    50                    6C 

7075 ALUMINUM 

a. 
P.S. 

90 SPM, 0, 
m 
,37 

b. 70 SPM, 0, ,42 
c. 60 SPM, 0. ,36 
d. 90 SPM, 0. 31 
e. 70 SPM, 0. 40 
f. 60 SPM, 0. 49 

FIGURE 6-5.    (CONTINUED) 

■■»«■■Mill ■■! ■. *•_ ■-—"--■• 
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403SS. Resul ts fo r 403SS r ings (3:1. 5:05) 
shown in F igure 6 -3 , a r e essen t ia l ly s i m i l a r to 
those for T i -7Al -4Mo. The thinnest r ing, Sample 
(a), gives the highest flow s t r e s s va lues . How-
eve r , the percentage i n c r e a s e due to chilling is 
not a s l a rge as it is with the t i tanium al loy. This 
is expected since the flow s t r e s s of s ta in less 
s tee ls is not as t e m p e r a t u r e dependent as that of 
t i tanium al loys . 

Effect of Tempera tu r e and P r e s s 
Speed Upon Flow S t re s s 

The r e su l t s of the t e s t s conducted using only 
one size ring but d i f fe rent t e m p e r a t u r e s and 
p r e s s speeds a r e given in Figure 6 - 5 . As ex-
pected, in mos t of these h igh - t empe ra tu r e t e s t s , 
the flow s t r e s s does not vary significantly with 
reduction except in a few m a t e r i a l s in which heat 
generated during deformat ion contr ibutes to the 
d e c r e a s e in flow s t r e s s a s compress ion ends . 
The important a spec t s of these ring t e s t s can be 
summar ized a s fol lows. 

403SS at 1950 F and 2050 F . F igure 6 - 5 
shows that the s t r a in ra te effect is s ignificant fo r 
403SS at t es t t e m p e r a t u r e s . A slight d i f f e rence in 
contact t imes (0. 055 to 0.07 sec) does not in -
fluence the flow s t r e s s va lues . 

Waspaloy. Waspaloy Sample (a) in giving 
the highest flow s t r e s s value, i l l u s t r a t e s a slight 
s t r a i n - r a t e ef fect (see F igure 6-5) . However, 
Samples (b) and (c), giving approximately the 
same r e su l t s , show that s t ra in r a t e and t e m -
pe ra tu r e e f fec t s tend to cancel each o ther . 

17-7PH SS. F igure 6 - 5 shows that s t r a i n -
ra te or chilling does not appear to exe r t a strong 
influence at 1950 F - 2100 F . A s imi l a r o b s e r -
vation is valid for Inconel 718, at 2000 F and 
2100 F . 

Ti-6A1 -4V. Different r e su l t s a r e obtained 
at 1700 F and 1750 F for Ti-6A1-4V. Note in 
F igure 6 - 5 that at 1700 F, the s t r a in and heat up 
e f fec t s a r e significant in Sample (a), while at 
lower deformat ion r a t e s the chilling and s t r a i n -
ra t e e f fec ts tend to cancel each o ther . At 1750 F 
the s t r a i n - r a t e effect is s t i l l predominant for 
Sample (f), which gives the lowest flow s t r e s s . 
A s imi l a r observat ion cannot be made for T i -8A1-
1 Mo-IV. Fo r this alloy, at 1750 F and 1800 F, 
the combined ef fec ts of chilling and s t r a in ra te 
a r e such that the flow s t r e s s r ema ins approxi -
mately unchanged at al l p r e s s speeds . 

707 5 Aluminum. A strong s t r a in r a t e 
effect is observed for 7075 aluminum at 800 F 
only at the highest p r e s s speed. All other r e su l t s 
in F igure 6 - 5 for this meta l show that t e m p e r a -
ture and s t r a in r a t e effects counteract each other , 

and the flow s t r e s s r e m a i n s unchanged at va r ious 
p r e s s speeds . 

Udimet 700. Udimet 700 could not be up-
set m o r e than 40 percent reduction in height 
without c racking . (Figure 6-5) . In p rac t i ce , 
th is alloy is forged using 15-20 percent reduct ion 
in height at each forging opera t ion . The flow 
s t r e s s d e c r e a s e s with increas ing deformat ion , 
or s t r a i n . This can be explained by in terna l heat 
genera t ion due to de format ion which lowers the 
flow s t r e s s by increas ing the t e m p e r a t u r e of the 
sample . The la rge amount of heat genera ted d u r -
ing deformat ion can a l so explain why Udimet 700 
is so much suscept ible to cracking in forging. 

The p resen t study had the dual purpose of 
(a) obtaining values of s t r e s s and f r i c t ion shear 
fac tor in p rac t i ca l forging conditions, and (b) 
investigating the influence of forging speed, in 
mechanica l p r e s s , upon the flow s t r e s s of 
se lected m a t e r i a l s . The deformat ion ra tes used 
in the t e s t s were selected to cor respond to 
p rac t i ca l speed ranges encountered in mechanica l 
p r e s s forging. The r e su l t s of the invest igat ion 
showed the influence of forging th ickness , p r e s s 
speed, and forging t e m p e r a t u r e upon the flow 
s t r e s s of selected m a t e r i a l s . These r e su l t s can 
be used by the forging engineers for predict ion of 
loads and energ ies in forging, and for comparing 
the r e s i s t a n c e of m a t e r i a l s to flow in p r ac t i ca l 
forging conditions. 
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APPENDIX 6-A 

DEVELOPMENT OF AN APPROXIMATE METHOD FOR THE 
THEORETICAL SIMULATION OF THE RING TEST* 

To obtain the magnitude of the friction, as 
expressed by the shear factor,   m,  the internal 
diameter of the experimentally compressed ring 
must be compared with the values predicted 
theoretically by using various values of m.    For 
this purpose,  an analysis developed at Battelle's 
Columbus Laboratories was used. *   '   This 
analysis is based on the upper-bound method 
which is a practical technique for theoretical study 
of metal flow in metal-forming processes. 

The Principles of the Upper-Bound Method 

For describing the metal flow, the upper- 
bound method considers an admissible velocity 
field that satisfies the incompressibility,  con- 
tinuity, and the velocity boundary conditions. 
Based on this velocity field,  the deformation, 
the shear (if velocity discontinuities are present), 
and the friction energies are computed to give 
the total forming energy and also the forming 
load.    Based on limit theorems,  this calculated 
forming load is necessarily higher than the actual 
load and it, therefore,  represents an upper uound 
to the actual forming load.    Thus,  the lower this 
upper-bound load,  the better is the predicion. 
Often the velocity field considered includes one 
or more parameters that are determined by 
minimizing the total forming energy with respect 
to those parameters.    Thus,  the determined 
values of the parameters give a somewhat better 
upper-bound velocity fieid.    In general,   with an 
increasing number of parameters in the velocity 
field,  the solution improves while the computa- 
tions become more complex.    Consequently,  for 
practical use of the rpper-bound method, 
practical compromises are made in selecting an 
admissible velocity field. 

When applying the upper-bound method, the 
following assumptions are usually made: 

(1) The deforming material is isotropic and 
incompressible 

(2) The elastic deformations are neglected 

(3) The inertial forces are small and neglected 
(i.e., high-energy-rate forming is not 
considered) 

*The information presented in this appendix has 
been developed at Battelle's Columbus Labora- 
tories under an internally sponsored project and 
it was originally discussed in Reference (6). 

(4)    The friction shear stress, T,  is constant at 
the die-material interface and is given by a 
constant shear factor,  f, or by a friction 
factor,  m: 

f a 
_      mi 

JT (6A-1) 

(5) The material flows according to von Mises' 
flow rule 

(6) The flow stress,   a,   is constant. 

In the present study, this last assumption 
is eliminated and the predictions are made by 
considering,  at each small deformation step,  the 
distribution of 7 and an average value for if.    As 
the deformation proceeds,  a new distribution,   or 
a new value for cr. is calculated at each step 
according to: 

= 1 Jdv/v   , (6A-2) 

where 

V = total volume of deforming material. 

Velocity Field for Ring Upsetting 

When a ring is compressed between two 
flat,  parallel platens,   the internal diameter of the 
ring increases if the friction is low and decreases 
if the friction is high.    This dependency of metal- 
flow behavior on friction has been extensi  ely used 
for testing lubricants,   lubrication conditions,   and 
for determining the interface-friction factor or 
the coefficient of friction. 

The two modes of deformation which occur 
in ring compression are illustrated in Figure 6A-1, 
in which the symbols and the coordinate system 
are also given.    The two platens move toward each 
other with the same absolute velocity,  V /2.    Due 
to symmetry,   only the top right quadrant of the 
sample is considered.    The axial velocity com- 
ponent,  v,  which incorporates bulging is given by 

-2 Az(l  - ßz'/ij (6A-3) 

where ß is a parameter representing the severity 
of the bulge; the constant. A, is determined from 
the following velocity-boundary condition for 

.___ m*i*iii id-i n'ni inf-^1' ■■■■^. ■ ■*-       ■ 
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--z F ^ = - 2A 

,  (6A-9b) 

(6A-9c) 

^+|=-2^[1-(^-)2l(6A-9d) 

lol    R,<RI 

-V2 z 

'tz Yrt (6A-9e) 

It is seen that the velocity (or the strain 
rate) field satisfies the symmetry requirements, 
i.e.,  for r = 0 or J: = 0,   yrz = 0,      : 

The effective strain rate,  t,.i8 given by 

1     [z(:.Z      .2      .   2     ,   .    2\1    1/2 

FIGURE 6A-1.    TWO MODES OF DEFORMATION 
IN RING COMPRESSION 

z = H/2, v = V0/2,  or from Equation (6A-3): 

2H ('-^)    ' 
(6A-4): 

The incomprossibility condition is given by , 

^ + ^+^^0     . (6A-5) 
or      r     dz 

Equations (6A-3) and (6A-.4) give,   after in- 
tegration,  the radial velocity component u: 

u = A(l .ßz
Z)t + ^ (6A-6) 

where C(z) is determined from the following 
velocity-boundary conditions:   The neutral surface 
at radius r = Rn is defined as the surface that does 
not move in radial direction at a given tirne during 
deformation.    Therefore, 

for r = Rn,  u = 0 (6A-7) 

Introducing condition (6A-7) in Equation (6A-6) we 
have 

C(z) = -A(l - ßz2) Rn
2 (6A-8) 

The strain-rate components are now obtained 
from the velocity components.   Equations (6A-3) 
and (6A-6), by introducing the values of the in- 
tegration constants A and C(z).    Thus, 

ÖU 

S7 

* r 2 ~i 
1 -flz2)    1 +(^.)   I       .  (6A-9a) 

i.fj^.^^r] 
2 T 21l/2 

WH'-fr) ]} (6A-10) 

The equations describing the velocity and 
strain-rate fields include two unknowns,  ß and 
Rn,   At a given deformation stage,  fi and Rn are 
determined from the condition that the total 
energy-dissipation rate E (or the upsetting pres- 
sure),  must be minimum; i.e.. 

'and 

ÖE 
-5-r- = 0   gives the value of ß 

ÖE -r^- = 0   gives the value of R . 

Prediction of Load Versus Displacement 
and Bulge Profile 

In compressing a ring,  the total energy dis- 
sipation rate,   E,   including deformation,  and 
friction is given by 

Ro ; 

E = 271  \\ve rdr dz + ^2,   f Us 7r dr   ,   (6A-lli 

Ri 

where 

velocity at the material-die interface, 
for z = H/2 

,2« 

".-(■-¥)(■-»■ 
In Equation (6A-ri),  the first term rep- 

resents the volume integral over the volume,   V, 
of th^ material,   or the rate of dissipated defor- 
mation energy.    Local variations of flow stress, 
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ff,  in the deformed material are included in the 
calculations.    Therefore,  the integral is evaluated 
numerically by using a computer program.    The 
same is valid for the second term in Equation 
(6A-11) which represents the friction-energy rate. 

The energy rate,   E,  given by Equation (6A- 
11) is minimized with respect to ß and R    to de- 
termine these values.    Then,  the minimum energy, 

is calculalad.    The upsetting load is given min' 
by 

(6A-12) 

 R, —^ 

HZ 

i 

"o 

H/2 

Nft 

and the average upsetting pressure,   Pave, 
tained from 

is ob- FIGURE 6A-3.    INITIAL GRID SYSTEM 
USED IN COMPUTER ANALYSIS OF 
RING COMPRESSION 

n(Ro2-Ri2j 
(6A-13) 

The block diagram of the computer program, 
which carries out the above calculations,  is given 
in Figure 6A-2.    Because of symmetry,   only the 
upper right quadrant of the sample is analyzed. 
As seen in Figure 6A-3,  this deformation region 
is divided into a number of radial and axial guide- 
lines,  which are perpendicular to each other in- 
itially and which deform as the deformation 
proceeds. 

toad mn4 «tor« 
Input   data 

1.   Construct   tt.«  Initial 
irld  »rat*« 

I,     («IcuUt«    th«   VoltM* 
tot   ••ch al—nl 

BfllflBIM SM,Lt 

I    Mlnlal««   ." 

2,   I>«t«r»ln«   0 «nd  t^ 

i 
StmiCUTIMI   VtL 

Uclni   0  and   R^,   c«lcul«t« 
fur  mmch  nodil point 

1. u «nd v 

2. f   «tKf   f 

DtcttAa«  hclcht,  h,   of 
• «^>1«   to  If   .> 

1. Calculat« t^in 

2. Calculate I. and l' , 

aagaiuag stau 
Calculate 7 at each 

nodal  point 
<!■ praa^rlbad raduct lon^^s^ 

r.dch.dT y? 

1 Imt.  STOP 

FIGURE 6A-2.    SIMPLIFIED BLOCK DIAGRAM 
OF COMPUTER PROGRAM FOR PREDICTING 
LOAD AND BULGE PROFILE IN RING 
COMPRESSION 

During deformation,  each nodal point has a 
different flow stress,  ö",   strain » ,  and strain 
rate, r.  The upsetting process is considered in 
small steps.  Ah.    At each step,   new velocity, 
strain  rate,  and strain distributions are calcu- 
late^.    The strum,  t",   is determined by integrat- 
ing •'"with respect to time during each deforma- 
tion step.     From the stress-strain curve,   the 
known strain,  •*,   at each nodal point is used to 
obtain the flow stress,   «,   si that nodal point. 
TSe mimmualion oi t'. with re»p«>ii to  • and H 
li aicomplished  by usirtf  the  i. .-■: ri.   »1 •iniplca 
miniimtallon let hm^ue,     The       i:.\--.;ri  prograin 
li wrillen in a general   » ».   ••< Ihel,     -" ile*ire<l     •■> 
average How stress     '.y,.   ^ "«»W »Isci l>«   .t« :  •< 
eat h defornialiun step.      ::■-•»■»     u{ i wtrs« 
ihr value     I     ^   €,   inifeaee*   !.t.;t    :c.'   i      »■ 
betause ut increase in  strain ul   1» Strata   1*1« 

The Use ol Rtng-Cumpresstun Analysis let 
Determining   Krutionand  > low Sir es» 

The analysis of the ring-comprssston leal, 
described above,   is used to simulate the  ring- 
compression process from the start to a specified 
reduction in height.    Thus,   (or a given friction 
shear factor,  m,  the internal diameter of the de- 
formed ring and the deformation load are calcu- 
lated at each small reduction step.    Consequently, 
by performing additional simple calculations,   the 
variation of the internal ring diameter can be ob- 
tained for each reduction.    This information, 
plotted in the appropriate form,   represents the 
calibration curves used in determining the 
friction shear factor from a compression test. 

Similarly,   for a given shear factor,  m,  the 
ratio R = Load/(rave is easily determined for each 
reduction in height.    Using the experimental load 
values,   L,  at each reduction,  the average flow 
stress at a given reduction is then obtained as 

ave 
L_ 
R 

(6A-14) 
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CHAPTER 7 

PREDICTION AND MEASUREMENT OF FORGING LOAD 
UNDER PRODUCTION CONDITIONS 

by 

T. Altan, J. R. Dauern, und N. Akgwrnin 

ABSTRACT 

In using preaaeB for forging oporationa, adequate aeleation of the forging 
preee requires the prediction of the forging load.    Onae the press is aeleated, 
it ia neoesaary to measure and monitor the forging loada during actual forging 
under production conditiona.    Thus  (a)  the accuracy of load predictions ia 
determined,  (b)  the exceaaive equipment overloading ia prevented during set-up, 
a>d (a) variationa in forging load due to material,  temperature, or lubrica- 
tion are monitored and corrective action ia taken, if neoeaeary. 

Several empirical nethoda for predicting forging loads are reviewed,  a 
nomogram ia developed for load and energy predictions, and a simple method of 
load calculation in forging is described.    The monitoring of forging load and 
ram displacement under production conditiona are illustrated by the forging 
trials conducted at  (a) Westinghouae Electric Corporation,  Uinston-Salem,  North 
Carolina (soreu press),   (b) Steel Improvement and Forge Company,  Cleveland, 
Ohio (screw press), and (o) Ontario Corporation, Muncie, Indiana  (mechanical 
press). 

INTRODUCTION 

Closed-die forglnj; is an extremely complex 
forming process with respect to deformation me- 
chanics.    The nonsteady state and nonuniform 
material flow, the considerable interface friction, 
and the heat transfer between the deforming mate- 
rial and the tooling are very difficult to analyze. 
This is why there is no general,  accurate method 
of estimating forging loads. 

Three broadly defined methods are used in 
estimating forging loads, namely: 

Applied experience.    T'.ie estimates for 
each new part are based on observations made 
on a variety of forging shapes in similar mate- 
rials.    Sometimes, very simple formulas that 
are developed for average forming loads are 
helpful in applying experience with one part to 
sharpen up the predictions for succeeding parts. 

Empirical procedures.    In some forging 
companies,  the formulas derived from experience 
are based on detailed observations made during 
forging of a few selected parts.    More compre- 
hensive empirical formulas which are then de- 
rived take into account such factors as flow 
stress,  average strain,  circumscribing part 
dimensions, and friction.   Some investigators 
have carried their derivations to the point where 
they incorporate a mathematically derived 
"shape factor" to account for wide ranges of 
shape complexity.    The accuracy of the empirical 
procedures depends largely on the accuracy of the 
observations. t- < 

Analytical procedures.    When a forging is 
viewed as being composed of several components, 
it is possible to first analyze the individual sub- 
sections and then estimate the forces required 
for deforming each component.    A further analy- 
sis then takes into account the distribution of 
pressures over the die surfaces.    Recently, 
plasticity theory has been applied to some rela- 
tively simple forging problems to obtain approxi- 
mate predictions of forging loads.    The approxi- 
mate theory most widely reported in the literature 
is the "Sachs" or "slab method" of analysis. 

EMPIRICAL METHODS FOR PREDICTING 
THE MAXIMUM FORGING LOAD 

The maximum load for forging a given part 
can be estimated by an empirically established 
formula.    The results are usually sufficiently ac- 
curate for estimating average forging pressures 
and maximum forging loads under practical shop 
conditions.   No detailed information on stress dis- 
tributions, on material flow,  and/or forging 
mechanics can be obtained from these empirical 
predictions.    They do not generally contribute to 
the advancement or refinemeu* of forging know- 
how since they art- not based rn the fundamental 
phenomena of material deformation and flow. 

AISI - Schey 

In a review prepared for the American Iron 
and Steel Institute, ScheyO presented the follow- 
ing expression for calculating the forging load: 

112 
o Af a   t 

(7-1) 

i^a. 
"""■'  



7-2 

where 

C    = a factor depending on the complex- 
ity of the forging, as given in 
Table 7-1 

A   = cross-sectional area of the forging 
in the parting line,  complete with 
flash 

ä   = average flow stress at the given 
average forging temperature 9a 

and average strain rate c^.    If the 
material is strain dependent, then 
oa must be obtained at the average 
strain 

e    = In 
a 

h A, 
o   t 

v = volume of the forging 

h    = initial height of the stock material. 

In calculating the energy requirement: 

C2VV\    ' (7-2) 

where 

C_ = factor given in Table 7-1 

e    = average strain = In 
a 

TABLE 7-1.    MULTIPLYING FACTORS FOR 
ESTIMATING FORCE AND 
ENERGY REQUIREMENTS^1* 

Factors 
Mode of Deformation Cl C2 

Compression of cylinder 
between flat platens 
T= 0. 5 
e = 0. 8 

Impression die forging of 
simple shape 
Without flash formation 
With flash formation 

Impression die forging of 
complex shape 
(High Rib) with flash 
formation 

1.2 1.2 
1.5-2.5 1.5 

3-5 2.0-2.5 
5-8 3.0 

8-12 4.0 

It is seen from Table 7-1 that the selection 
of the values for Factors C) and C2 used in 
Equations  (7-1) and (7-2) can be very approximate 

and must be based on experience.    The predic- 
tions thus obtained can be accepted only with a 
relatively large margin of error.    The accuracy 
of predictions made with this procedure will 
depend on the experience of the user. 

Geleji 

In his most recent book,  Geleji''' reports 
on an empirical method suggested by Kurrein'^'. 
According to this suggestion,  the total forging 
load, Pj, is given by: 

C ?  ■ A^ 
a     t 

(7-3) 

The shape factor,  C,  is dimensionless and must 
be obtained from Figure 7-1. 

The values of the shap; factor,  C,  given in 
Figure 7-1 are valid for forgings with diameters 
from 100 to 300 mm (4 to 12 in. ).    The value of 
the shape factor,  C,  for a given disk diameter, 
D,  increases with decreasing web thickness, S, 
with decreasing shaft diameter, d,  and with in- 
creasing height of any shaft or rib that might be 
present.    The calculation of the forging load for 
the part shown in Figure 7-2 is the example given 
by Geleji"' and illustrates the use of this method. 
At the forging temperature of 1000 C (1830 F), 
for the type of steel being forged,  a value of 
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FIGURE 7-1,    CALCULATION OF SHAPE 
FACTOR C FOR CLOSED-DIE FORGING'3' 

113 

- - ■—^- ■' -- -  " -^ ■ ■ ■ ■ -- 



7-3 

19 4 rib« 

(Dimemioni in mm,   I mm     0, 040 inch) 

FIGURE 7-2.    EXAMPLE FOR CALCULATING 
THE FORGING LOAD*2» 

520 kg/cm2 (7400 pai) can be assumed for 7a. 
The flash thickness is about 5 mm (0. 2 in. ): 

For a disk 220 mm 
in diameter and 
15 mm thick 
(Figure 7-la,  Curve I) D/S =14.7     C = 5. 0 

Periphery is 45 mm high 
and 1 5 mm thick,  i.e.. 

For a disk 15 mm thick, 
with a rib 30 mm high 
(Figure 7-lc,  Curve I) 

For a disk 15 mm thick, 
with a rib 15 mm thick 
(Figure 7-Id,  Curve II) 

Radial ribs 

S/Sj = 0.5      C = 7.4 

S/d = 1.0        C = 2.9 

With the same considerations used for the cavity, 
the shape factor for the flash is 6.0,  assuming 
that the flash temperature is lower and conse- 
quently the flow stress is higher: 

ö   = 1100 kg/cm2 (15,600 psi). 
a 

The upsetting load,  P(, in the flash is; 

P   = 6 x 1100 (242 - Z22) 2 = 476, 000 kg 

(1,050,000 lb). 

Thus, the total forging load,  Pt,  is: 

P   = PJ + P   = 2, 050, 000 kg (4, 500, 000 lb), 
t        d        f 

In this procedure, the experience and the intuition 
of the user will obviously influence the selection 
of simple analogue shapes in order to evaluate 
Factor C from Figure 7-1. 

Neuberger and Pannasch 

Neuberger and Pannasch'^' conducted forg- 
ing experiments with various carbon steels (up 
to 0. 6 percent carbon) and with low-alloy steels 
using flash ratios, w/t (w,   flash land width; 
t,  flash thickness), from 2 to 4.    They found the 
variable that influences the forging load most to 
be the average height,  ha,  of the forging.    The 
average height (ha) is determined from the 
weight (Q), from the total projected area (Aj) of 
the forging, and from thr specific weight (p) of 
the forging material: 

a     At. p 
(7-4) 

The maximum total forging load is expressed as: 

For a disk 15 mm thick, 
with a rib 10 mm thick 
(Figure 7-Id,  Curve II) 

For a disk 15 mm thick, 
with a rib 40 mm high 
(Figure 7-lc,  Curve I) 

S/d = 1.5        C = 4.0 

S/S, = 0.375   C = 8.0 

The highest value for C represents the most 
difficult-to-forge feature in the forging.    In this 
example,  8. 0 is the shape factor criterion for 
calculating the upsetting force required for the 
entire die forging; thus the vertical load acting 
on the plane of the die cavity: 

Pd^8-0^^'1-6" 

P    = 1, 580, 000 kg (3, 480, 000 lb). 

Pt = Va (7-5) 

where pa represents average forging pressure, 
including friction. 

On the basis of their experimental data, 
Neuberger and PannaschW suggested using the 
diagram shown in Figure 7-3 for predicting the 
forging pressure,  pa.    The lower curve in Fig- 
ure 7-3 is described by the equation 

(kg/mm  ) p 
61ft 

14 + —— (metric) 
h 

a 
(7-6a) 

1422      14 + 618 
25.4 h (English) (7-6b) 

where pa is in psi and ha in inch scale. 
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by 

or 

The upper curve in Figure 7-3 is deacribed 

2 781 
(kg/mm   )p    =37+-j—    (metric)   (7-7a) 

a 

(p.l)pa.  ,422  ^.-^-j (Engli«h).(7-7b) 

I80r 

"0     5     10    15   20   25  50 35  40 mm 
0   0.2 04 06 08   I 0 I 2 I 4  I 6 inches 

Average height of forging, ha 

FIGURE 7-3.    FORGING PRESSURE,  pal 

VERSUS THE AVERAGE FORGING HEIGHT,  ha, 
FOR FORCINGS INVESTIGATED'4' 

Equation (7-6) ie used for less-intricate 
parts. Equation (7-7) is used for more-difficult- 
to-forge parts. 

Nomograms for Predicting Load and Energy in 
Steel Forging 

Neuberger and Pannasch'4' further ex- 
tended their findings and gave two diagrams, 
seen in Figures 7-4 and 7-5,  for predicting load 
and energy in forging carbon and low alloy steel 
parts. 

Nomogram for Load Prediction 

The nomogram, seen in Figure 7-4 can be 
used for predicting the load in forging low alloy 
steel parts. The description and the use of this 
nomogram are discussed below. 

Example:   In the nomogram. Figure 7-4, 
a series of lines,  are drawn to indicate the 
determination of the load for the following 
forging: 

Weight of forging -2.9 kg 

Surface area without flash - 160 cm^ 

Sharp contoured cross-sectional shape, 
type C in Region II 

Forging temperature -  1 100 C 

Surface area with flash - 200 cm^ 

Predicted forging load - p =  1100 Mp 
(metric  tons), 

Nomogram for Energy Prediction 

The nomoRram,   »rcn In  Figure  7-S,  can be 
u»rd for predicilng the energy in forging •trcl 
coAponenti      Tlir (Iracrtpllon and Ihr us« of 
(hia nomogram arc discussed below. 

E»«ii.|'lr     The produilun of the  furginf 
rnrrgy i* iliu*(raled in Klfure   7-S for «n 
ekaitij>le  forgliif      The raaltiple   i« Ihr   •amr   aa 
Dial  uard (or  lifrifutlnf Ihc forging loae) 

Weighl of f(,rging  -   i. 9 kg 

Surface arr» without flash «   160 c n)' 

Shar|) contoured c rosa-sectional  shape 

Forging temperature -  I I 00 C 

Ratio h     ./h    ^ =  3 
niA    mE 

Predicted forging energy = 7800 mkp. 

SUGGESTED METHOD FOR CALCULATING 
THE FORGING LOAD IN 
PRACTICAL CONDITIONS 

Most empirical methods,   summarized in 
terms of simple formulas or nomograms are not 
sufficiently general to predict the forging load for 
a variety of parts and materials.    Consequently, 
a nomogram such as the one seen in Figure 7-4, 
may be useful for carbon and low-alloy steels but 
cannot be applied for titanium and high- 
temperature alloys.    It is, therefore,  necessary 
to establish a practical method for calculating the 
forging load. 

Round or Nearly Round Forgings 

In round forgings,  or in those which can be 
considered as round, the approximate forging 
load is predicted by calculating separately   the 
forging stresses due to deformation of the flash 
and of the material in the die cavity.     The detailed 
steps,  without describing the theory involved,  are 
illustrated by using the example given in 
Figure 7-6. 

Step 1.    Establish the average thickness,  h. 
for the metal flowing in the cavity towards the 
flash.    If the metal in the cavity flows by sliding 
over the die surfaces, h is equal to the average 
cavity height,  i.e. ,  h equals H in Figure 7-6. 
In this case, the friction factor f ~ 0. 2 to 0. 4. 
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Ci>c«»l(l«,) 
Region I - The projected sur- 
face area of the forging without 
flash, is specified on Axis  1. 
The weight of the forging is 
f pecified on Axis 2.    Thus, the 
average height of the forging is 
obtained on Axis 3. 

Region II - In this region the 
basic type of forging configura- 
tion must be taken into account. 
Each of the three basic forging 
types, A, B, and C are repre- 
sented with a line in this region. 

Region III - In this region the 
influence of temperature upon 
forging pressure is considered. 
Each of the three temperatures, 
900 C (1650 F),   1000 C (1830 F), 
and 1100 Z (2010 F) is repre- 
sented by a line.    The maximum 
forging pressure, pe, at 1000 C 
(1830 F) is obtained on Axis 4, 
at the line separating the 
Regions 11 and III.    Using one of 
the three temperature lines in 
Region III, the maximum forg- 
ing pressure at a given temper- 
ature is obtained on Axis 5. 

Region IV - In this region the 
total maximum forging load is 
obtained by relating the forg- 
ing pressure, pe, on Axis 5, 
and the projected surface area 
of the forging including flash, 
on Axis 6.    Thus, the total load 
is obtained on Axis 7. 

FIGURE 7-4.    NOMOGRAM FOR PREDICTING LOAD IN CLOSED-DIE FORGING 
CF CARBON AND LOW-ALLOY STEELS IN MECHANICAL PRESSES^4) 

A = Forgings without sharply contoured cross sections or preformed 
cross sections and intermediate forms. 

B = Forgings the final shape of which does not require preforming; 

C = Forgings with sharply contoured cross sections,  — >1* 2. 
b 
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©e.« k.» 
Region I - The projected sur- 
face area of the forging without 
flash is specified on Axis  1. 
The weight of the forging is spe- 
cified on Axis 2.    Thus, the 
average height of the forging is 
obtained on Axis 3. 

Region II - In this region two 
types of forging are considered, 
each is designated by a line. 
Line A represents forgings 
without sharply contoured crosj 
sections or preformed cross 
sections.    Line B represents 
forgings with sharply contoured 
cross sections. 

Region III - In this region the 
influence of temperature is con- 
sidered.    Each of three temper- 
atures is represented by a line: 
900 C (1650 F),   1000 C (1830 F), 
1100 C (2010 F).    The average 
forging pressure, pa,  (pressure 
averaged over the forging 
stroke) on Axis 4,  is modified 
according to the forging temper- 
ature to give the pressure,  pa, 
on Axis 5. 

Region IV - In this region, the 
average pressure,  pa, on 
Axis 5 is related to the ratio 
hmA/hrnE, on Axis 6 to obtain 
the energy per unit weight on 
Axis 7 (hjnA = average height of 
the stock or preform, hmE = 
average height of the com- 
pletely forged part). 

Re gion The specified energy 
obtained on Axis 7 is related 
to the forging weight,  on 
Axis 8 to predict the total 
forging energy on Axis 9. 

FIGURE 7-5.    NOMOGRAM FOR PREDICTING ENERGY IN CLOSED-DIE FORGING 
OF CARHON AND LOW-ALLOY STEEL IN MECHANICAL PRESSES*4' 

A = Forgings without sharply contoured cross sections or preformed cross sections 
ar.d intermediate forms 

B = Forgings with sharply contoured cross sections. 
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However, if the metal flow in the die cavity is by 
shearing, as indicated by broken lines in Fig- 
ure 7-6, then the average thickness in the cavity, 
h,  must be estimated.    For this purpose, using 
the symbols of Figure 7-6, we calculate'') 

o, st i h. 
0.9 

(7-8) 

For h > H, then we set h = H.    For h ^ H, we 
use the value of h calculated by Equation (7-8). 
In this latter case, the metal flow is by shearing, 
and the friction factor f = 0. 577. 

Stress 

[7-—i—r^V*-/    t 
 K Metal flow      |       NJI r—1_      \ 

r>--i-i^ r. 

FIGURE 7-6. SCHEMATIC OF A SIMPLE 
ROUND CLOSED-DIE FORGING AND THE 
DISTRIBUTION OF FORGING STRESS 

Step 2.    Calculate the stress oe at the 
entrance to flash from die cavity is: 

2 fö 
w + a. (7-9) 

where 

■ft    = flow stress in the flash zone 

t = flash thickness 

w = flash width 

f = friction factor,   0. 2 to 0. 4 

Step 3.    Calculate the total forging load. 
The forging load Pp due to deformation and 
friction in the flash zone is.  Figure 7-6. 

-2T
F ( R3 - L3 2TR     _ 

—+aF 

(7-10) 

where 

9 s angle of the sector,  in radians, 
describing the round forging 
area.    (In a completely round 
forging 9 = ZTI, in a round section 
of an irregular forging 9 is 
obtained from forging drawing. ) 

T   - friction shear stress in flash zone 

_    ^ 
a_ = flow stress of the flash material at 
F 

the strain rate and temperature 
conditions existing in the flash zone 

R = L + W, Figure 7-6. 

The forging load, Pc) due to deformation 
and friction in the die cavity is given by: 

P    = 9 
c 

-2T   L" 2TL' 
+ a. 

(7-11) 

where,  in addition to the symbols discussed 
earlier, 

T = friction shear stress in cavity 

= f ö    for h > H in Step 1 
c 

o    = flow stress in the die cavity, for the 
strain rate and temperature conditions 
existing in the die cavity 

h = average cavity height 

= H for h > H 

= h,  as calculated by Equation (7-8)    . 

Finally,  the total forging load, P^j. is: 

T F        C 

Relatively Long Forgings 

(7-12) 

In relatively long forgings the predominant 
metal flow is lateral,  except at the corners of the 
forging.    Thus, the metal flow is essentially 
plane strain.    In this case, the stress distribu- 
tion illustrated in Figure 7-6 is still valid with 
the exception that at the free end of flash the 

2 _ _ 
stress is equal to —o instead of o.    The steps 

vT 
to be followed are similar to those discussed for 
round forgings.    Equation (7-8) is still valid for 
determining the average height, h, of the defor- 
mation zone in the die cavity. 

The stress oe at the entrance to flash from 
cavity is: 
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Z£d       .      F 
e     t VT 

(7-13) 

The flash load,   Pp,   per unit depth is: 

2a        T w 
(7-14) 

where 

T= iVr 

The cavity load,   Pc,  per unit depth is: 

M) (7-15) 

In evaluating Equation (7-15), the samj 
considerations as for round forgings are still 
valid for determining the friction shear stress T 
and the average height h.    The total load is again 
given by Equation (7-12) for unit depth. 

Practical Application 

In applying the equations discussed above 
in practical determination of forging load, two 
major parameters must be estimated:   the 
friction factor, f, for die-material friction and 
the flow stress, V, for the strain, strain-rate, 
and temperature conditions existing during forg- 
ing.    Often average strain-rate and temperature 
values must be estimated separately for flash 
and cavity.    The details of predicting the flow 
stress for given forging conditions are described 
in Chapter 1.    Experience^»'' shows that the 
interface friction factor has a value of 0. 2 to 0. 4, 
Thus, a good value for a first estimate is 
f = 0.3. 

Most forgings cannot be classified as only 
round or long.    It is often necessary to consider 
a forging as having round (axisymmetric) as 
well as long (plane strain flow) sections. 
Detailed discussion on dividing a forging into 
smaller components,  for the purpose of analysis, 
is given elsewhereC). 

FORGING TRIALS UNDER 
PRODUCTION CONDITIONS 

As part of the present study, various forg- 
ing operations were investigated under produc- 
tion conditions.    For this purpose forging trials 
were conducted in a Weingarten screw press at 
the Westinghouse Electric Corporation's plant 
in Winston-Salem, North Carolina; in a 
Hasenclever screw press at Steel Improvement 
and Forge Company in Cleveland, Ohio; and in a 
mechanical press at Ontario Corporation in 
Muncie, Indiana. 

i 
i 

Forging Trials at Westinghouse 
Electric Corporation 

Equipment and Instrumentation 

The screw press used in this investigation 
was a Weingarten PZS 630 with electric drive 
geared directly to the flywheel.    This press, 
using an electric drive to accelerate the flywheel 
and screw assembly converts the angular kinetic 
energy into the linear energy of the ram.    Two 
reversible electric motors are attached to the 
press frame and drive the flywheel.    The screw 
is threaded into the ram and does not move 
vertically.    During the down stroke, the motors 
accelerate the flywheel and the screw,  and the 
ram starts its downward motion.    The flywheel 
energy and the ram speed continue to increase 
until the ram hits the workpiece.    Thus the load 
necessary for forging is built up and transmitted 
through the ram, the screw, and the bed to the 
press frame.    During forging, the entire energy 
of the flywheel is used up in deforming the work- 
piece and elastically deflecting the press, the 
flywheel,  and the screw.    Once the flywheel has 
stopped, the elastic loading of the frame and the 
axial and torsional straining of the screw cause 
the flywheel and the screw to rotate in the reverse 
direction and the ram disengages from the work- 
piece.    The electric motors are then reversed 
and lift the ram to its initial position. 

This screw press,  seen in Figure 7-7, has 
a nominal rating of 4000 metric tons (4400 U.  S. 
tons),  and a nominal energy capacity of 
71,000 kgm (3100 ton-inch).    The maximum ram 
velocity of the press is 0. 6 m/aec (24 inches/ 
second) and its static stiffness,  as measured by 
the manufacturer, is  1280 metric tons/mm 
(35,200 tons/inch). 

The displacement measurements during the 
forging trials were made using an inductive type 
of transducer (LVDT).    The transducer, manu- 
factured by the Daytronic Corporation,  had a 
maximum stroke of 4 inches.   The load measure- 
ments were made using strain gages attached 
directly to the tie rods c'the press.    These 
strain gages were connected into a Wheatstone 
bridge arrangement so that the small changes in 
resistance of the strain gages could be easily 
monitored. 

As the Westinghouse press had not been 
calibrated for load previously, it was necessary 
to do so in order to properly interpret the data 
obtained.    The calibration was done using the 
3000-ton load cell that was designed and built 
earlier in this program (see Chapter 2).    Since 
the press was to be calibrated using a load cell 
of much smaller capacity than the press capacity, 
it was imperative that the energy expended during 
the calibration blow be relatively small 
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FIGURE 7-7.    4000-TON 
WEINGARTEN SCREW 
PRESS IN WHICH FORGING 
TRIALS WERE CONDUCTED 
AT WESTINGHOUSE ELEC- 
TRIC CORPORATION IN 
WINSTON-SALEM, NORTH 
CAROLINA 

compared to the maximum possible energy. 
For this calibration, the ram was allowed to fall 
onto the load cell from several inches above the 
load cell without the use of the electric drive 
motors.   When the falling distance of the ram 
was increased, the velocity of the ram and the 
flywheel was also increased.    The increased 
velocities resulted in increased kinetic energies 
and higher loads were obtained.    Initially, the 
ram was dropped from 4 inches above the load 
cell, and a load of 1730 tons was obtained.   Sub- 
sequently, the ram was dropped from several 
different positions.    A 5-inch drop resulted in 
a load of 2140 tons, and a 1-inch drop gave a 

load of 910 tons.    During this calibration the 
output from the load cell was monitored simul- 
taneously with the output from the strain-gage 
bridge on the tie bars of the press.    Thus, it was 
possible to relate the output of the press bridge 
to an obtained load. 

During the forging trials, output from the 
load and displacement transducers were recorded 
on a high-speed light-beam oscillographic 
recorder (Century model 470).    The signals from 
the transducers were electronically amplified so 
that most of the wir'th of the chart paper was 
used in recording ttie data.   This was done to 
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improve resolution so that small changes in load 
or displacement could be easily distinguished. 
The recorder, which records the data as a func- 
tion of time, was operated at a relative high chart 
speed (either 10 or 20 inches per second) so the 
time relationship of the data could be easily 
distinguished. 

Forging Trials 

Figure 7-8 illustrates the type of part 
forged in the screw press at the Westinghouse 
Corporation.   This part is of 403 stainless steel 
and was forged from a preform at 2050 F.    The 
preform configuration was achieved by reducer 
rolling and exhibited a large head, for forging 
the root of the blade, and a reduced straight 
portion having an approximately round cross 
section.    In these trials the preform was not 
lubricated or coated prior to forging.    The dies, 

14196 

FIGURE 7-8. 403 STAINLESS STEEL BLADE 
FORGED IN 4400 TONS WEINGARTEN SCREW 
PRESS AT WESTINGHOUSE 

however, were lubricated with a commercial 
water-base graphite lubricant and were also 
heated to about 400 F. 

The energy delivered by a screw press can 
be controlled by the position from which the 
downward motion of the ram begins.    This is 
because over the longer strokes the flywheel 
achieves a higher velocity and therefore,  contains 
more energy.    This is true both when the ram 
falls under its own weight (as was described for 
the calibration of this screw press) and when the 
flywheel is driven by the electric motors.    Thus, 
the energy available at the ram can be related to 
the press stroke. 

For the trials conducted in the Westing- 
house press,  it was felt desirable to forge blades 
at several different energy settings.    Thus, the 
starting position of the ram was changed for each 
forging in these trials.    The initial portion of the 
load-displacement relationship was found to be 
much the same whether the blade was forged with 

0J0 0«0 090 120 130 ISO 2.10 

0ltplacem«nt,ineh«i 

FIGURE 7-9.    LOAD-DISPLACEMENT 
RELATIONSHIP FOR FORGING A 403 STAINLESS 
STEEL TURBINE BLADE IN THE WESTING- 
HOUSE SCREW PRESS 

Point A indicates the load and displacement 
achieved when inadequate energy was sup- 
plied for forging the blade. 

Point B indicates the load and displacement 
achieved when just adequate energy was 
supplied for forging the blade. 

Point C indicates the load and displacement 
achieved when a large excess of energy was 
supplied for forging the blade. 121 
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excess energy or whether the energy was inade- 
quate and the part was not completely forged. 
This is shown in Figure 7-9 for three blades; 
one that was forged with a large excess of 
energy, a second that had just adequate energy, 
and a third that did not have sufficient energy. 
Obviously, when excels energy is available in 
the machine, the load continues to increase after 
the forging is completed.   Thus, excess machine 
energy is transformed into elastic deflection 
energy by straining the dies and the press.   In 
order to protect the tooling it is necessary to 
reduce the amount of this excess energy by 
using energy metering. 

i 

The energy required for the forging, 
graphically shown as the shaded area in the fig- j 
ure, was determined to be about 975 inch-tons. 
At the highest energy setting, the velocity of . 
the upper die at the start of forging was 
16. 7 inch/second and the contact time during 
forging (including load buildup and release) was 
about 0. 120 second. 

Forging Trails at Ontario Corporation 

Equipment and Instrumentation 

The mechanical press used in these trials 
was a 1300-ton Bliss press located in Ontario 
Corporation's plant in Muncie, Indiana.    The 
drive of this press is based on a slider-crank' 
mechanism which translates rotary to linear 
motion.   Since the load available in a mechanical 
press varies with the stroke position, it is 
important to know the load versus stroke curve. 
For the Bliss press, the nominal load capacity 
of 1300 tons corresponds to a stroke position of 
0. 040 inch before bottom dead center.    This 
press has an 11-inch stroke and an idling speed 
of 75 strokes/min.    The idling velocity of the 
flywheel largely determines the rate of forging. 

Load measurements in the mechanical 
press were made using strain bars similar to 
those shown in Chapter 2,   These strain bars are 
attached to the press frame and are designed to 
mechanically amplify the strain in the press 
frame when the press is loaded.    The strain 
amplification is achieved by designing a stress 
concentration into the bar so that the strain in 
that area is increased.    The amplified strain is 
then monitored by strain gages connected into a 
wheatstone bridge arrangement.    The displace- 
ment was measured using the inductive trans- 
ducer (LVDT) as for the screw press at 
Westinghouse.   The outputs of the strain bars 
and of the LVDT were recorded using the same 
high-speed light-beam recorder. 

Forging Trials 

The Ti-6A1-4V blade shown in Figure 7-10 
was forged in:the 1300Tton Bliss press at the 
Ontario Corporation.    During the observed 
trials, blades were forged to the finish configura- 
tion by two procedures.   One procedure involve! 
forging the finish shape in one blow from the pre- 
form (bottom of Figure 7-10).    The second pro- 
cedure involved forging the preform to an inter- 
mediate size before finishing.    This intermediate 
size was forged in the finishing die but the die was 

: not allowed to close to the finish dimension. 
Thus, an intermediate configuration that was 
obtained looked much like the finish forging, but 
it was thicker than the finish forging .by about 
0. 030 inch. 

Load and displacement were measured      ' 
only during forging to finish configuration from 
the preform,  seen in Figure 7-10 and from the 
intermediate size.    It was not possible to moni- 
tor the forging of the intermediate shape, dis- 
cussed above, because of production-scheduling 
problems.    In preparation for forging, the pre- 
forms (aiid the intermediate pieces) were! coated 
by spraying with a commercial glass forging 
lubricant.    They were then heated to about 
1700 degrees F in a gas-fired rotary-hearth 
furnace.    The dies were heated to about 400 F 
and were lubricated using a commercial water- 
base graphite lubricant. 

Figure 7-11 illustrates a typical load dis- 
placement relationship for forging these blades : 
from both the intermediate shape and the pre- 
form.    As seen in Figure 7-11, the maximum load 
during the forging of the pk-eform was about 
1100 tons.    The energy required for the forging, 
graphically illustrated as the shaded area in 

FIGURE 7-10.    THE PREFORM AND THE 
FINISH F^R Ti-6A1-4V BLADE FORGED AT 
THE ONTARIO CORPORATION 
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Figure 7-11, was determined to be about 
145 inch-tons.   The contact velocity of the upper 
die for these trials was 19 inch/second and time 
duration for forging, only during load buildup, 
was 0. 053 second. 
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FIGURE 7-11.    LOAD-DISPLACEMENT RELA- 
TIONSHIP FOR FORGING THE Ti-6A1-4V BLADE 
IN THE 1300-TON MECHANICAL PRESS AT THE 
ONTARIO CORPORATION 

Curve a is the load-displacement relationship for 
forging the blade from the preform 
(see Figure 7-10). 

Curve b is the load-displacement relationship 
for forging the blade from the intermediate 
shape. 

Forging from the intermediate shape 
required a much higher load, about 1620 tons. 
Figure 7-11,    The energy required for forging 
from the intermediate shape, again the area 
beneath the load-displacement curve, was deter- 
mined to be about 29 inch-tons.    The contact 
velocity of the upper die for this forging opera- 
tion was 7 inch/second and the time duration for 
forging, only during load buildup was 
0. 031 second. 

Forging Trials at Sifco 

Forging trials were also monitored on the 
Hasenclever screw press at the Sifco plant in 
Cleveland, Ohio.   This press uses a hydraulic 

drive to accelerate the flywheel and screw 
assembly.    The angular kinetic energy of these 
components is then converted into linear energy 
of the ram in the same manner as for the elec- 
trically driven screw press at Westinghouse 
(described above). 

This screw press has a nominal rating of 
3150 metric tons (3460 U. S. tons) and a net 
energy capacity of about 43,000 kg-m (1800 inch- 
tons).    The maximum ram velocity of the press 
is about 0.8 meter/second (31. 5 inches/second) 
and its stiffness, determined by Hasenclever, is 
820 metric tons/mm (-22,500 U. S. tons/inch). 

Displacement was measured during the 
forging trials using the same LVDT described for 
the other trials.    However, because the stroke of 
the press under load was quite small, the resolu- 
tion was poor and the displacement data were con- 
sidered to be of no value. 

This press had been calibrated for load by 
the Hasenclever personnel when the press was 
installed.    In addition,  a recorder was provided 
that recorded the peak load for each forging cycle. 
The load was monitored via Wheatstone bridge 
arrangement made up of 600-ohm strain gages 
placed on the tie-bars of the press.    For the 
forging trials monitored it was necessary only to 
connect the existing bridge to the Battelle recorder 
and use the calibration established by the Hasen- 
clever personnel.    Again, the output from the 
load and displacement transducers were recorded 
on a high-speed light-beam oscillographic 
recorder (Century model 470). 

Blades of a super alloy similar to that illus- 
trated in Figure 7-12, were forged in these trials. 

FIGURE 7-12.    THE SUPERALLOY BLADE 
FORGED ON THE HASENCLEVER SCREW PRESS 
AT THE SIFCO PLANT IN CLEVELAND, OHIO 
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The forging was a finishing operation in which 
the blades were sized using the same dies they 
had been forged on earlier.    Thus, the reduction 
in thickness was small.    Before the forging blow 
the dies were lubricated with an oil-base graphite 
lubricant. 

The peak load for this operation was 
3900 tons or about 113 percent of nominal capac- 
ity.    The ram velocity prior to contact was about 
25.8 inches/second (0.64 meters/second) and 
the contact time during forging (including load 
buildup and release) was about 0. 032 seconds. 

SUMMARY AND DISCUSSION 

Chapter 7 consists essentially of two parts. 
The first part represents a review of the litera- 
ture on empirical methods for predicting forging 
loads, the second part of this chapter discusses 
the details of forging trials conducted in two 
screw presses (at Sifco and Westinghouse) and in 
a mechanical press (at Ontario). 

Review of Prediction Methods 

The first part also includes (a) the descrip- 
tion of a nomogram useful in predicting forging 
loads and energies in steel forgings and (b) a 
relatively simple method, based on elementary 
plasticity analysis, for calculating stress dis- 
tribution,  average pressure, and load in forging. 
The empirical methods have been developed by 
analyzing forging load data for a variety of parts 
produced from a certain material, mostly from 

carbon and low alloy steels.    Consequently, their 
application will be limited to those materials 
unless a correction factor, which is based on the 
flow stress of steels and of other materials, is 
used in evaluating the results.    The simple mathe- 
matical method is somewhat more cumbersome 
and would require the use of a calculator, how- 
ever, it can be applied to any material as long as 
the flow stress at forging conditions (strain, 
strain-rate and temperature) and the friction 
factors are known.    Such information is given in 
Chapter 1, and in Chapters 5 and 6 of this Final 
Report. 

Forging Trials 

The screw presses used in the forging trials 
had nominal capacities of 4400 tons (Weingarten 
at Westinghouse Electric Corporation's Winston- 
Salem, North Carolina plant) and 3500 tons 
(Hasenclever at Sifco's Cleveland, Ohio plant). 
The mechanical press (Bliss at Ontario's M'-ucie, 
Indiana, plant) had a nominal capacity cf 
1300 tons.    The parts forged in these presses (two 
screw and one mechanical), were different in size 
and in material (stainless steel at Westinghouse, 
superalloy at Sifco,  and titanium alloy at Ontario). 
Consequently, as seen in Table 7-2 a direct com- 
parison of parameters such as forging perfor- 
mance, deformation speeds,  contact times (load- 
ing and unloading),  load and energy variations 
because of machine characteristics,  accuracy 
characteristics cannot be made.    Nevertheless, 
certain overell observations are given below: 

TABLE 7-2,    CONTACT TIMES MEASURED DURING FORGING IN THREE 
DIFFERENT PRESSES 

The data given in this table cannot be used for direct 
comparison of machine characteristics because the machine 
capacities and the forged parts were different in all three 
cases. 

Press Company 

Approximate 
Maximum        Contact Stroke 
Measured       Velocity,      Under Load, 
Load,   tons       in./sec inch 

Contact Times,   second 
Load Load 

Buildup    Release       Total 

4400-Ton Weingarten     Westinghouse       3900(a) 
Screw 

10.3 2.5'c>/0,9      0. 215(c)/   0,085 0. 30(c)/ 
0.140 0,225 

3500-Ton Hasenclever  Sifco 3900"" 25,2 >0,080(d) 0.019 
Screw 

1300-Ton Bliss                Ontario 1110(a) 19.0 0,50 0.053 
Mechanical                    Corporation 1620(l>) 7.0 0.03 0.031 

(a) Forging from preform. 
(b) Forging from intermediate shape (or blocker). 
(c) Data related to forging blade root. 
(d) As forging stroke was difficult to measure,   the value shown is only approximate. 

0,023 0.076 
0,023 0,054 

  mmtm 



7-14 

(1) The Ti-6A1-4V blade,  Figure 7-10, 
was forged from a preform (extruded and upset) 
in one blow and also from a preformed interme- 
diate shape (or blocker).    The forging stroke for 
the blocker was approximately 0. 030 inch.    In 
forging from the preform, the maximum load 
was 1110 tons, while in forging from the inter- 
mediate shape, the maximum load was 1620 tons. 
This difference is explained by the following 
facts: 

fa)   For the preform, the Initial heat 
losses in the material are small 
(small surface-to-volume ratio in 
a round cross section, as seen in 
Figure 7-10), the forging stroke 
and the forging energy are large. 
Thus, the heat generated during 
deformation maintains the flow 
stress of the titanium alloy, 
which is very sensitive to tem- 
perature,  at a low level.    This 
results in a relatively low forg- 
ing load. 

(b)   The preformed shape (or blocker) 
has large surface-to-volume 
ratio.    This results in heat 
losses during transport of the 
part from furnace to the press 
and during the initiation of the 
stroke.    The deformation energy 
and the heat generation are rela- 
tively low, therefore, the mate- 
rial temperature during forging 
is also low.    This results in 
higher flow stress and forging 
load. 

(2) The contact velocity in the 4400-ton 
Weingarten press is relatively low.    Because the 
energy available in the press was much more 
than that required by the relatively small forging, 
the energy level and the ram speed had to be 
lowered.    As a result, the contact times,  both 
for load buildup and release,  are relatively long. 
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(3)   The 3500-ton Hasenclever press was 
operated near its maximum energy and speed 
level.    Thus, for a relatively small stroke the 
contact times are very small. 

(4)   In the mechanical press, the load 
release times are not influenced by the magnitude 
of the forging load, as it was observed in earlier 
studies (in Chapter 4, where a screw press and a 
mechanical press of similar capacities were 
compared).    It appears that, in comparison,  the 
measurements for the 3500-ton Hasenclever 
screw press gives shorter total contact times 
although it has a larger capacity. 
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