
A RAPID, NON-DESTRUCTIVE TEST TO 

DETECT CAMSHAFT LOBE GRINDING BURN 

by 

Scott B. Courtney 

Thesis submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE 

in 

Materials Science and Engineering 

APPROVED: 

asd th 0.0 
Robert W. Hendricks, Chairman 

  

  

Sites 0 
William T. Reynolds VU Thomas J. Whalen “ 

  

December, 1993 

Blacksburg, Virginia



LD 
5655 

Vv 455 

1993 

C8 
CL



ABSTRACT 

The work presented herein describes thesis research in an on-going camshaft grinding 

evaluation study, initially under the sole sponsorship of Ford Motor Company, and subsequently 

under the auspices of the National Science Foundation, with industrial participation from American 

Stress Technologies, Ford Motor Company, G.E. Superabrasives and Litton Automotive Services. 

Six mechanically assembled camshafts were ground with each of their eight induction hardened 

lobes receiving a different depth of cut per pass. X-ray residual stress measurements made with 

depth identified significant near-surface tensile residual stresses in abusively ground regions of the 

lobes. Acid etching at the time of grinding and subsequent microhardness measurements were 

employed to verify the x-ray depth results. The grinding operation was further characterized with 

use of profile and roughness measurements. Burn (defined as a localized tempering of the cam lobe 

as a result of the grinding operation) appeared in those lobes that received the larger depth of cut, 

and was concentrated along the ramps and base circle. 

Several non-destructive examination techniques were then compared with each other to 

discover which best detected burn. Intercomparison involved evaluating the strength and 

consistency of the measurement signal. Background noise occurred in all cases due to the 

measurement technique, instrument error, and human error. 

Measurement of grinding forces and x-ray diffraction line width analysis were found to be 

suitable for rapidly and reliably detecting grinding burn in the induction-hardened carbon steel cam 

lobes. In this regard, it may now be possible to have reliable, quantitative and non-destructive cam 

lobe examination in place of the traditional acid etching.
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A Rapid, Non-Destructive Test to Detect Camshaft Lobe Grinding Burn 

1. INTRODUCTION 

“Split-second timing is essential for smooth and powerful RUNNING iN A CAR ENGiNe. It is achieved by the 
ENGiNe’s camshaft and crankshaft working iN CONCERT. 

“As ThE pistoNs Move up aNd down in the cylinders, they drive the crankshaft which turns the flywheel 
and, ultimately, the wheels. Bur, through a chain linkage, the crankshaft also turns the camshaft. As the 

camshaft rotates, The cams operate the cylinder valves.” — David Macaulay, Jke Way Things Work 

1.1 Overview of Cam Lobes 

Cams perform quite the same role in today’s increased efficiency engines that they performed 

in the early internal combustion engines. That is, rotating at half the speed of the crank, they 

actuate valve opening and closing by periodically displacing a follower linked to an intake or 

exhaust valve. A cam will have undergone 125 million revolutions at a car’s 100,000 mile mark. 

Traditionally, cam design has been barren ground for the materials engineer, since (1) lift 

profile, a design domain of mechanical engineers, so dominates gas flows into and out of the 

cylinders, and (2) contact loads on the lobes were limited by the allowable flexure (inertia) 

inevitable in the rest of the valve train. 

The situation changed with the government’s fuel efficiency mandates, which accelerated the 

advent of the overhead cam engine in mass production, which in turn led to the cam’s percentage of 

(reduced) valve train mass becoming considerably larger. In a short period of time, the cam itself 

was reduced in size, its profile was changed to permit more rapid valve response, and contact with 

the follower was established via a roller, versus a flat tappet. Together, these acted to dramatically 

increase contact stresses at the cam-roller interface. But an attendant increase in wear and spalling 

was unacceptable. Unable to go back, engineers have begun re-examining both materials and 

manufacturing processes to improve the cam’s lifetime performance, as well as to lead to ever- 

more efficient design. 

By characterizing of the effects of the grinding process, and attempting to establish a means of 

evaluating grinding in a mass production environment, this thesis addresses one aspect of that on- 

going search. 
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1.2 Cam Lobe Manufacture 

Design confinements dictate that all related fuel injection components are sized upward from 

the camshaft. A smaller cam lobe permits a more accurate profile. When coupled with 

sophisticated geometry, such as fast re-entry of profile, rapid fuel injection becomes possible at the 

precise firing time, which results in better fuel economy, reduced exhaust emissions and lower 

overall cost of the system.’ 

Changes in lift profile are being advanced further to take advantage of improved machining 

capabilities. For instance, an American automobile manufacturer routinely shapes reentrant lobes 

on computer numeric controlled belt grinders, permitting tighter emissions controls through more 

rapid valve opening and closing. 

In order to increase fuel economy while reducing engine noise, the automotive industry has 

been opting for roller followers in place of flat tappets in their valve trains. Again, reduced friction 

at the cam-roller interface permits higher engine speeds. However, the sharp line contact results in 

large contact stresses; researchers at Torrington/Fafnir Company report contact stresses in excess 

of 250,000 psi at the cam-roller interface.” 

To meet lobe stress carrying requirements, powder metal and forged steel is replacing 

traditional gray cast iron,” although castings remain the most economic processing choice for 

camshaft manufacture.’ Heat treatments or alloy additions are used to obtain surface hardnesses 

in the vicinity of HRC 60 (Rockwell C Hardness scale). Grinding is performed to obtain the 

desired lobe profile. Microfinishing with coated abrasives may take place after fine grinding. 

In this experiment we characterized the grinding operation on forged SAE 52100 lobes 

mechanically assembled on a hollow shaft, similar to those now used in Ford production engines. 

The particular segmented design calls for induction hardening of the lobes to a depth of several 

millimeters prior to grinding, to bypass the effect of dimensional changes during heat treatment. 

1.3 Grinding Burn 

The action of a rapidly rotating abrasive wheel forced against the cam lobe (see Figure 1) 

produces two metallurgical effects, depending on the depth of cut, type of abrasive wheel, wheel 

dressing condition, coolant application, etc.: 

  

* However, Robert H. Warrick of the Intermet Corp. reports that other iron castings, such as austempered 

ductile iron cam lobes, can withstand contact loads as high as 250 ksi. 

1, Introduction Page 2



A Rapid, Non-Destructive Test to Detect Camshaft Lobe Grinding Burn 

7 ff gs   
Figure 1. Camshaft grinding (note: coolant has been suppressed to better view the camshaft and grinding 

wheel). Photo courtesy of Litton Automotive Services. 
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e Mechanical: The mechanical pressure of the wheel deforms the surface of the sample, 

increasing its hardness and yield strength. 

e Thermal: Even under heavy coolant application, the friction between abrasive wheel and 

lobe causes temperature increases at the surface of the lobe, since about 80 percent of the 

applied grinding energy goes into the workpiece as heat when using conventional 

abrasives.” For heat-treatable metals, this may result in microstructural changes, which 

will change surface hardness. All metals will experience localized thermal expansion, 

which affects surface finish and may lead to grinding cracks. 

The thermal effect, when sufficiently large to alter the metallurgy of the lobe surface, is known 

as grinding burn. Because our research centered around finding a rapid, non-destructive way of 

detecting grinding burn, the phenomenon is discussed in more detail below. 

Grinding burn was first observed as a discoloration in the surface of ground steel due to the 

formation of a thin oxide layer at elevated temperatures. Other methods of inducing oxidation, such 

as chemical bluing, could be expected to produce a similar discoloration, depending on film 

thickness. It is possible for a lobe to be thermally damaged without an ensuing discoloration. For 

instance, a rough grinding pass may burn the lobe to a depth of several thousandths of an inch. The 

trailing finish pass, which might remove only a fraction of a thousandth of an inch of the damaged 

surface, would entirely clean off the oxide film, eliminating visual evidence of burn.” 

The effect of grinding burn depends on the lobe's microstructure. An induction hardened, one 

percent carbon steel will overtemper and accordingly soften at temperatures between 200°C and 

700°C (see Figure 2). If the surface of the lobe reaches these temperatures in grinding, “temper 

burn” is said to occur. Since temper burn affects only the near surface layer, which is rapidly 

quenched by both the applied coolant and the cam lobe interior, softening is less pronounced than 

the “quench to a fixed temperature” example shown in Figure 2. Nevertheless, hardness for 

induction hardened SAE 52100 steel has been reported to drop to HRC 50 in grinding. Workpiece 

cooling has a more pronounced effect subsurface; thus, softening does not extend far into the 

surface of an abusively ground cam lobe.° 
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Figure 2. Hardness versus tempering temperature for SAE 52100 (E52100) steel. Represents an average 

based on a fully quenched structure. 

If temperatures above 700°C are maintained for sufficient time, the steel will undergo an 

austenitic phase transformation, with brittle martensite forming on rapid cooling. The phase 

transformation for the hypereutectoid SAE 52100 occurs at 727°C (transformation to a fully 

austenitic structure takes place at 830°C), but stored energy in the form of crystalline imperfection 

from cold work or previous heat treatment will permit the austenitic transformation at lower 

temperatures.’ The effect of the high temperature is known as rehardening burn, since the 

untempered martensite will increase surface hardness to about HRC 64. 

To obtain a better indication of whether burn occurred, a qualitative, destructive acid etch 

procedure is most often employed. The principal here is straightforward: ten percent solutions of 

nitric, hydrochloric or sulfuric acid are swabbed on the lobe surface for 30 seconds, followed by an 

ethanol rinse. Regions with the least carbon/silicon content are etched first.* 

Steel is more difficult to characterize by this test,” since the percentage carbon is less than one- 

third that of the carbon/silicon content of nodular cast iron. Regions of temper burn darken slightly, 

reflecting an increase in the size of carbides. Regions of rehardening burn actually lighten (similar 

to “white martensite” pictured in micrographs) as martensitic regions preferentially etch, leaving 

behind a light retained austenite phase. 

Burn occurs when the abrasive grinding wheel dulls, increasing the frictional forces between 

the wheel and the workpiece. Other causes of burn, particularly in the realm of camshaft grinding, 

include stock variation (a large depth of cut is required to remove material on certain lobes, or 

parts of those lobes) and ineffective application of coolant. 
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1.4 Camshaft Nomenclature 

The body of this thesis describes a broad array of measurements performed on cam lobes at 

specific locations and, in some cases, in specific directions. Thus, a brief description of materials 

and measurement nomenclature will clarify much of the discussion. 

Sixteen camshafts were manufactured by Presta Someflor in Liechtenstein exclusively for this 

study. Although assembled from a hollow tube with splined lobes pressure fit to the surface, these 

were patterned after an older cast iron camshaft designed by Ford engineer Ron Kulhanek for the 

2.3 L engines. A pushrod-type camshaft test fixture, designed for accelerated life testing by 

Specialized Vehicles International, was already setup for the 2.3 L camshafts at Ford's Engine 

Division. Thus, the mechanically-assembled 2.3 L camshafts, which we refer to hereinafter as the 

Kulhanek camshafts, were chosen to permit life testing without extensive rework of existing 

equipment. 

Figure 3 depicts one of the 16 2.3L Kulhanek camshafts. Shafts were labeled V-1 though V- 

16. The head of each shaft is identified by the protruding journal (here, the leftmost journal). Lobes 

are numbered sequentially from the head. The circumferential measurement direction corresponds 

to the direction of grinding; the axial direction corresponds to measurements made along what 

would appear to be the length of the shaft. The positive axial direction is indicated by an arrow. 

Only lobes were examined — no measurements were made on the bearings or on the shaft itself. 

Circumferential Axial 

  

l 2 3 4 5 6 7 8 

Figure 3. Lobe measurement directions for the Kulhanek camshafts. Numbers correspond to individual 
lobes, starting from lobe 1 near the front bearing. 

Figure 4 depicts the cross section of the outer surface of a single cam lobe. Four regions are 

identified, starting from the bottom center and working around in a counter-clockwise direction: 

base circle, opening ramp, nose, closing ramp. This corresponds to a clockwise revolution of the 

camshaft as viewed from its front bearing. Degree locations are identified from the nose, moving 

toward the closing ramp. Thus, 0° corresponds to the nose, 60° to the closing ramp, 180° to the 
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base circle, and 300° to the opening ramp. One revolution corresponds to a complete cycle of the 

intake or exhaust valve in engine operation. 

  

Nose 

: \Y Sparing Closing 
Ramp Ramp 

Base Circle     
  

Figure 4. Cam lobe as it appears from the positive axial direction. For measurement purposes, 0° 

corresponds to the nose, 60° to the closing ramp, 180° to the base circle, and 300° to the opening ramp. 
Note that the lobe is asymmetric; the opening ramp has a more severe curvature below the arrow. 

Ford currently is using Presta manufactured camshafts in a production 2.5 L engine 

manufactured at its Cleveland plant. These similarly use mechanically assembled, induction 

hardened SAE 52100 steel lobes; however, the camshaft design is simpler, with a large sprocket at 

one end and journals ground directly on the hollow shaft. Also, it contains only six lobes (two 

camshafts per each bank of three cylinders). Though not part of our original design of experiment, 

five of these Cleveland camshafts in various stages of processing became available to us over the 

course of this study. Because they reflected actual data from a production environment, they 

provided an additional control to our experiment. Other camshafts and components from the 

Cleveland line were provided and subsequently examined in one form or another. A list of all 

camshafts and components received is given below in Table 1. Data obtained from the Cleveland 

camshafts is compared with data we observed from our Kulhanek camshafts in Section 5 (page 67) 

of this report. 
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Table 1. Camshaft and Components Tested 

  

Un
 

Unground cam lobes for the Cleveland camshaft 

5 Unground cam lobes, with splines broached into bore, used for the Cleveland 
camshaft 

3 Unground Cleveland camshafts, assembled with low, medium and high forces 

2 Ground Cleveland small V-6 camshafts; one of these was acid etched 

16 Kulhanek camshafts     
  

1.5 Assembly Forces 

A table indicating the forces used in the assembly of each lobe was provided with the 16 

Kulhanek camshafts prepared at Presta. A plot of the average mounting forces per camshaft is 

given in Figure 5. 
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Figure 5. Average mounting forces by Kulhanek camshaft. The mean push-on force (dark line) for lobes 

on each shaft is 17,780 N, with a 20 deviation (dotted lines) of +2510 N. 

Average assembly forces ranged from 15,300 N (3,440 Ibf) for camshaft V-3 to 20,275 N 

(4,560 lbf) for camshaft V-16. Peak mounting forces were somewhat in excess of these values. The 

minimum force used to press-fit a single lobe was 13,900 N (3,120 lbf), corresponding to lobe 8 on 

camshaft V-8. The maximum press-fit force reached 23,600 N (5,300 Ibf), corresponding to lobe 5 

on camshaft V-13. 
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A different report from Presta indicated that the average mounting force for the Cleveland 

camshafts was about 29,800 N (6700 lbf); however, their lobes have a smaller width and a larger 

base circle radius than the Kulhanek lobes. 

Since we were interested in grinding camshafts in a uniform manner, and wanted to start with 

similar material, it was necessary to evaluate whether the mounting forces varied significantly from 

camshaft to camshaft or from lobe to lobe. In fact, an analysis of variance showed that there was 

significant variation between the camshafts, although some of this significance was created by 

virtue of the large number of samples, rather than a marked trend in the data itself. The various 

residual stress, microhardness and residual stress measurements presented herein were performed 

on camshafts V-8, V-9 and V-10, each of which experienced press-on forces approaching the mean 

for all shafts (Figure 5). Measurement of residual stress state of unground camshafts assembled 

with low and high press-on forces indicated that no significant difference existed in the resulting 

residual stress state (see Section 6.2, page 75). There was no significant variation between the 

lobes of the different shafts. Further, there was no trend in mounting forces between the lobes, so 

that non-randomized lobe grinding should not be expected to confound the resulting residual stress 

state. 
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2. BACKGROUND RESEARCH 

The following literature review pertains directly to the materials and measurement techniques 

used in this experiment. Thus, certain evaluation techniques that were initially pursued, but of 

which no practical use was made (such as neutron diffraction, Auger analysis, ultrasound, 

scanning acoustic microscopy, hole drilling, etc.), are not covered herein. For a more general 

overview of surface integrity in grinding, and of nondestructive characterization techniques, the 

reader is referred to review papers by Field,'° Hendricks’! and Ruud.” 

2.1 Morphology of 52100 Steel 

Steel is polymorphic, with a phase transition from body-centered cubic ferrite to face-centered 

cubic austenite occurring at 727°C for the eutectoid composition, as is shown in Figure 6. A quick 

analysis of the phase diagram lays the thermodynamic foundation to understand abusive grinding in 

plain carbon (or nearly plain carbon) steels. 
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Figure 6. Fe-Fe3C equilibrium phase diagram.'* 
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If steel is austenitized (heated into the single phase austenite range), all carbon present will go 

into solution in the FCC matrix. On cooling below the eutectoid, however, carbon can no longer 

remain in solid solution, since the maximum solubility of carbon in ferrite is less than 0.1 percent. 

The carbon atoms therefore have three basic options available: 

e Precipitate out from the ferrite in the form of iron-rich carbides, 

e Distort the ferrite lattice into a body-centered tetragonal structure, with carbon still in 

solution, or 

e Stay in solution by retaining the thermodynamically unfavored austenite phase. 

The first route describes the equilibrium (i.e., slow cooling) product for hypereutectoid steel, 

such as SAE 52100. However, what actually occurs depends on cooling rate and alloy 

composition. In fact, for a grinding operation’s shallow depth of heating, where the bulk of the 

sample quenches the surface rapidly, kinetics would point toward the second or third options. 

The distortion of the ferrite lattice into a body-centered tetragonal (BCT) structure results in 

the formation of martensite, which is typically a mixture of BCT phase and iron carbides, the latter 

due to an overabundance of carbon atoms in the BCT phase. Martensite forms in platelets and is 

both hard and brittle: impact or contact loads may cause surface cracking. 

All thermally-hardened steels must be tempered before use, reducing brittleness without 

significantly reducing strength or hardness (usually two points HRC). The tempering temperatures 

provide sufficient energy for carbon atoms to gradually diffuse in martensite and form a matrix of 

carbide precipitates and ferrite. While a properly tempered martensite will be characterized by a 

fine transition carbide distributed parallel to the martensite platelets,’ overtempering will cause 

carbide precipitates to grow together in the ferrite matrix. 

These effects may take place at the surface of the cam lobe in grinding. For instance, if a 

tempered martensitic steel is abusively ground, but no so abusively that the steel reaches the 

austenitic region, its surface layers become further tempered.’ Field refers to this as overtempered 

martensite,'° where the lobe ends up in a softer state than it was in prior to grinding. As mentioned 

above, the microstructural mechanism responsible for grinding is the dissolution of BCT martensite 
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into ferrite and iron carbides, which leads to a local volume decrease of several percent, creating a 

local tensile strain region in the cam lobe.t 

On the other hand, if grinding generated temperatures that approached the 830° austenitic 

phase transformation for 52100, rapid cooling by the bulk of the lobe after the grinding wheel had 

passed over would allow a significant portion of the total austenite phase to be retained. During 

cooling, or under applied load, this retained austenite would transform into untempered martensite, 

leaving the ground lobe with a brittle shell. 

The specific cam lobes used in this experiment were forged in Liechtenstein from AISI (SAE) 

E52100, a bearing steel containing one percent carbon and 1.5 percent chromium. This material 

often has been used in rolling-element applications, due to its high hardness and wear resistance. 

Table 2 provides the composition, forming temperatures and anticipated hardnesses of 52100 steel. 

Table 2. Properties of 52100 (100 Cr 6) Steel’’ 

  

0.98 to 1.10 C 

0.25 to 0.45 Mn 
Composition: 0.025 P (max) 

0.025 S (max) 

0.15 to 0.30 Si 
1.30 to 1.60 Cr 

  

      
Austenitizing range: 815 to 870 °C 
Annealing range: 730 to 790 °C 

Martensite start temperature: 250 °C 

Maximum forging temperature: 1120 °C 
Minimum forging temperature: 925 °C 

Maximum hardness (water quench) HRC 66 
1 hour temper hardness (300 °C) HRC 57   
  

Additional properties specific to SAE 52100 have been tabulated by Touloukian and Ho; these 
provide a measure of the material’s anisotropy, elastic stiffness and critical temperatures:'® 

  

t The body-centered tetragonal cell has dimensions a = 2.84 and c = 2.96, for a total volume of 23.87 A? 
(this will vary with carbon content). The cubic (ferrite) unit cell has dimensions a=2.86 A, for a total 
volume of 23.4 A. Thus, there is a two percent decrease in volume when going from martensite to ferrite. 
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Table 3. Additional Properties of 52100 (100 Cr 6) Steel 

  

Density 7.867 g cm? 
Curie temperature 1043 K 

Debye temperature 459 K (at 0 K) 

373 K (at 298 K) 

Heat of transition (NMP) 16.1 J g! (a-y) 

Single-crystal elastic constants: 

Cy 240 GPa 
C12 146 GPa 
C44 112 GPa 

Young's modulus 196 GPa 

Shear modulus 80 GPa 

Bulk modulus 170 GPa 

Poisson's ratio 0.29     
  

Moreover, these researchers give the thermal conductivity of the lobe material as a function of 

temperature up to a maximum grinding temperature of 912 °C, with a stated error of +3 %: 

ALIL, = 0.009 + 1.210 x 103 (T-300) + 6.504 x 10-7 (T-300)? - 3.140 x 10-19 (T-300)3 

It is necessary to know this value as a function of temperature in order to analyze heat flow in 

the grinding process — a task of the Phase II study. 

As a final note, the recommended processing sequence for SAE 52100, taken from the Heat 

Treater’s Guide, fills in many of the information gaps shown in Section 3.2 (page 34) regarding 

manufacture of the specific cam lobes used in this experiment:'° 

Forge at temperatures between 925 °C and 1150 °C 

Normalize by heating to 885 °C and air cool 

Anneal to form the spheroidized structure desired for both machining and heat treatment, 

heat to 795 °C, then immediately begin cooling to 675 °C at a rate not exceeding 6 °C per 

hour. 

Machine the part when in its spheroidized form. 

Austenitize at 845 °C in an inert atmosphere with carbon content near 1.0%; quench in oil. 

Temper the hardened part at 175 °C as soon as it has uniformly reached near-ambient 

temperature (38 °C to 50 °C), thereby converting the tetragonal martensite to a cubic, 

tempered martensite (a mixture of ferrite and carbide). 
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2.2 Residual Stresses 

Residual stresses arise after a material undergoes inhomogeneous plastic deformation. When 

the external force responsible for the deformation is removed, regions which have experienced 

plastic deformation prevent adjacent elastic regions from undergoing complete elastic recovery to 

the unstrained condition.”?”! 

Residual stresses exist in a material independent of any applied external load. Most machining 

operations generate residual surface stresses: either compressive, which are generally an advantage 

22 ,23 ,24 25 ,26 ,27 ,28 
as they increase fatigue resistance, or tensile, which facilitate crack propagation. 

Failure occurs when the difference between the largest and smallest principal stresses exceeds a 

critical value. Thus, for uniaxial loading, failure initiates where the total stress, applied and 

residual, is highest in tension, since residual stresses have the same effect on a part as applied 

stresses.” 

It has been stated that the maximum value of residual stress that can be produced is equal to 

the material’s yield point (this may be inferred from the discussion above, where residual stresses 

actually are elastic stresses that exist in the material after unloading). While true, this definition 

can be misleading, since a material’s yield point is very much a product of slip mechanisms, and 

will vary locally according to load history and stress state (e.g., plastic constraint). 

A few rules exist for describing the formation of residual stresses in materials. First, regions in 

residual tension must be balanced by regions in residual compression to maintain stress equilibrium 

over the cross section of the specimen. Second, for non-uniform cooling in materials with 

significant positive thermal expansion coefficients, the last region to cool will be in tension. Third, 

when inhomogeneous plastic deformation occurs, sections plastically deformed in tension will have 

a compressive residual stress after unloading, while sections deformed plastically in compression 

will experience a tensile residual stress when unloaded. For example, in grinding operations, the 

ground surface is lengthened with respect to the interior, so that favorable compressive stresses 

develop in the near-surface region (though other factors may occur that overshadow this effect). 

One researcher states that the formation of a favorable compressive residual stress pattern at a 

part’s surface probably is the most effective method of increasing fatigue performance, presumably 

because the surface is such a potential source of weakness.”° 
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2.3 Layer Removal 

In order to produce a stress depth profile, which is particularly relevant in grinding studies 

where residual stresses may reverse in sign in the first few microns of the ground surface, the x-ray 

diffraction technique must be used in conjunction with metal removal. Obviously, the metal 

removal technique should not induce any additional stress itself. Two different experimental 

approaches have been developed for electropolishing: stepwise etching and slope etching. 

Stepwise etching: Typically an x-ray measurement is made, then several micrometers of 

material are removed, and a new measurement is performed. At this point, a mathematical 

correction has to be applied to the measured value, to account stress redistribution artifact 

of metal removal.t The specimen initially has its own internal stress distribution with, say, 

its surface layers in compression while the inner parts are in tension. But whatever the real 

stress distribution is, the total sum of stresses in the entire specimen has to be zero. Thus, 

removing material that had been formerly stressed will change the existing distribution of 

stress in the remainder of the sample. For a more comprehensive discussion of the effects 

of these material removal as well as the mathematical corrections to apply after 

electropolishing, see Moore.*! 

Slope etching: One of the main drawbacks of the previous stepwise technique is clearly its 

slowness, not only because the sample has to be etched typically up to one or two dozen 

times, but also because of the important “manipulation” times, with the obligation to re- 

align the sample in the diffractometer after every step. In slope etching, the specimen is 

etched with a certain slope (equal to “1:m” to reach “m” micrometers total depth) in one 

pass along its entire surface. For instance, Tonshoff used a 1:200 ratio to reach a desired 

depth of 200 um.” Brinksmeier further describes the experimental procedure that can be 

used to electropolish along such a slope.” 

  

t However, very few investigators compute this error, since it is time-consuming and the correction often 

is insignificant. Noyan and Cohen show that error in residual stress values measured by x-ray diffraction 
will be less than five percent while the etch depth does not exceed 1.25 percent of the sample thickness. 

(Residual Stress — Measurement by Diffraction and Interpretation, p.207) 
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2.4 Grinding Surface Integrity 

Grinding is a material removal operation occurring when the abrasive grains of the grinding 

wheel interact with the sample at high speed and shallow depth of cut. As pointed out by 

Metzger,” cutting depends on “the cumulative action of a whole set of indeterminate cutting edges 

provided by abrasive grit embedded in a bonding matrix of suitable characteristics.” This is quite 

different from the three other cutting operations, 1.¢., turning, milling and sawing, where the cutting 

edge is much more clearly defined. 

Grinding wheels generally are composed of two materials — tiny abrasive particles called 

grains or grits, which do the cutting, and a softer bonding agent to hold the countless abrasive 

grains together in a solid mass.” Thus, each abrasive grain is a potential microscopic cutting tool. 

There are three machining conditions relevant to the generation of residual stress in ground 

components: the depth of cut a, the speed of workpiece f{ and the cutting speed. From these 

parameters the material removal rate (MRR) Z can be calculated: 

Z=axbexf 

where Z is the material removal rate in in*/min, a is the depth of cut in inches, 5, is the cross feed 

length in inches, fis the workpiece speed in in/min. 

Tensile residual stresses increase with material removal rate. But as reported by Tonshoff in a 

study of internal grinding of bearing steel, this phenomenon is more apparent with aluminum 

oxide than cubic boron nitride. Kumar et al. have also studied the influence of the material removal 

rate on compressive residual stresses in 8620 alloy steel ground with various CBN wheels.’ They 

found that the use of very low removal rates (Z = 0.1 in’/min or less) leads to the highest 

compressive residual stress for all types of CBN wheels. Thirty years ago, Almen et al. noted a 

similar result for grinding with conventional abrasive wheels.** It is interesting to note that the 

various parameters present in this MRR have quite different influences on the generation of 

residual stress in a material: 

Depth of cut (also called downfeed): An increase of this parameter, for a given workpiece and 

cutting speed, means higher tangential forces between the wheel and the workpiece, resulting in 

higher temperatures and thus higher tensile normal stresses. The shear stresses, on the other hand, 

are left unchanged.” 
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Speed of workpiece: As noted by Tonshoff , a higher speed of the workpiece at constant 

removal rate reduces the contact time, causing residual stresses to become less tensile or more 

compressive.” 

Grinding wheel speed has been qualified as the “second most important parameter influencing 

fatigue strength” after wheel dressing.*' Normal forces decrease as the abrasive wheel speed 

increases.” After several experiments performed with CBN wheels, Lindsay noted that high wheel 

speed leads to better surface finish.” “ 

A grinding wheel consists of three primary components: the abrasive itself, a bond material to 

hold it and some porosity (i.¢., air) for chip clearance and the introduction of the coolant.” The 

abrasives used in the grinding industry can be broadly divided in three classes: 

e Natural abrasives, such as quartz, which are no longer much used, 

e Industrial or conventional abrasives: such as Al,O; — this accounts for about 75 percent 

of all grinding wheels now made.” Silicon carbide, harder and tougher than aluminum 

oxide, also is used, generally to grind hard materials such as cemented carbides. 

e Superabrasives: such as diamond and CBN have gained the appellation “superabrasives 

due to their exceptional characteristics, both in term of hardness and thermal conductivity. 

Diamond abrasives graphitize and wear quite rapidly when grinding materials that contain 

carbon, precluding its use in steel or cast iron grinding.”*” CBN, on the other hand, is 

unaffected by carbon and is very resistant to wear. Instability does occur in the presence of 

steam, however, preventing the use of plain water as the grinding coolant. 

In addition to its greater hardness, the exceptionally high thermal conductivity of the CBN 

allows the grinding wheel to behave as a “heat sink” during the grinding process.” Some 

researchers also note the sharper secondary cutting edges of CBN as the other major reason of its 

inherently cooler grinding characteristics. By comparison, Al,O; is less hard but more brittle than 

CBN. In addition, both the hardness and brittleness of alumina increases with purity. On the other 

hand, the toughness of CBN matches its hardness, thus improving machining qualities. Lavine 

notes that CBN grinds with a lower specific energy (amount of energy needed to removed a cubic 

inch of material), allowing larger removal rates than with conventional abrasives.” 

The selection of bond material for the abrasive wheel is done on a case by case basis for a 

given grinder, workpiece and fluid. Resin bonds, for example, are more capable of absorbing 
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vibrations and thereby reducing chatter problems on the workpiece, while vitrified bonds are easy 

to dress. Alternatively, electroplated bond wheels do not need to be dressed, meaning that more 

abrasive (and less bond) is in contact with the workpiece, but create difficulties in obtaining a good 

finish. 

The conditioning of the grinding wheel often is overlooked as a significant factor in the 

grinding process. Apparently, fine dressing creates a large number of cutting edges that produce 

thinner chips, which increases the energy per unit volume of metal removed.” This quite 

paradoxical result shows that a trade-off must be made between surface integrity and surface 

quality, since the fine-dressed wheel leads to an improved surface finish, but increases the 

likelihood of burn. This is related to the “real area of contact” between the grinding wheel and the 

workpiece: a sharp wheel would result in a small real area of contact, while a dull wheel would 

give a much larger contact area.”! 

The first investigators to construct a dynamometer reported interesting results from monitoring 

normal and tangential forces during dry surface grinding of an SAE 52100 steel: 

e Cutting forces are independent of the direction of the motion of the table. 

e Grinding forces increase when the wheel needs conditioning. 

e Specific grinding (the energy needed to remove a cubic inch of metal) for a given wheel 

and a fixed table speed is independent of wheel speed, width of specimen, and depth of cut 

for cuts below about 0.0001 in. 

e Vertical and horizontal grinding forces increase with increased workpiece speed. 

The generation of heat during the grinding operation previously has been estimated by the 

tangential force.” However, the tangential grinding forces apparently cannot be directly compared 

between grinding operations that use different wheels or have different workpiece material.**”*° 

The fluid used in a grinding operation performs three different operations: it cools the wheel 

and workpiece, lubricates the wheel/workpiece interface and flushes the chips away.’ A researcher 

explained that one of the main factors controlling the amount of fluid passing through the grinding 

zone, and which typically represents only 4 to 30 percent of the total flow rate, is the wheel 

porosity: the higher the better.°’ Nozzle positioning and nozzle flow rate also are important to the 

coolant process. Figure 7 illustrates the application of coolant during grinding. 
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  i 
Figure 7. Coolant is applied through different channels during camshaft grinding. Note: coolant pressure 
was reduced to obtain a better view of the camshaft. Photo courtesy of Litton Automotive Services. 
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2.5 Hardness Testing 

As previously stated, temper burn will cause the induction hardened lobe to soften locally, 

while rehardening burn will appear as an increase in hardness. Thus, hardness measurements prove 

a reliable but destructive means of detecting burn. 

For steels, hardness is defined as a part’s ability to resist plastic deformation. Experimentally, 

deformation is attempted by means of a hard object of fixed geometry forced against the part’s 

surface for a specified period of time. A hardness value, either arbitrarily chosen or given in terms 

of applied load per unit area, is arrived at by measuring an aspect of the length or depth or area of 

the indentation. Two standard, automatic hardness testers are described below. 

The Rockwell hardness test arrives at a hardness number by taking the depth of indentation 

under constant load as a measure of hardness. First, a minor 10 kg load is applied to seat the 

specimen, reducing the need for careful surface preparation. Next, the major load is applied, with 

the depth of indentation recorded automatically on a dial gage.** There are several caveats: 

e Part thickness should be 10 times the indentation depth. 

e Spacing between indentations should be three to five times the diameter of the indentation. 

e The indentor should not be placed in a pit or on surface scale. 

The Rockwell test is limited to macroscale testing, and even then is not appropriate for all 

applications. Indeed, one researcher notes that the Rockwell indentor penetrates so deeply that it is 

unable to reveal characteristics of the surface layer, and that its penetration depth is overly 

influenced by residual stress state.”°” 

The Knoop hardness test is used on thin metal plate, exceptionally hard materials, shallow 

carburized surfaces, or in situations where the load must be kept below 3600 grams. The indentor 

is a long, narrow diamond, with a 7 to 1 ratio between the long and short diagonals. By keeping the 

long axis parallel to the surface of the sample, it is possible to measure microhardness at intervals 

of 50 jum without overlap. Because indentations are made and measured on a scale on the order of 

tens of microns, it is necessary that the sample have a lapped plane surface free from scratches.” 

The Knoop hardness number is calculated as the applied load divided by the unrecovered 

projected area of the indentation:” 
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where: P = applied load (kg), A, = unrecovered projected area of indentation (mm7), L = length 

of long diagonal (mm), and C = a constant for each indentor supplied by manufacturer. 

In addition to concerns over surface finish of the part to be examined, Dieter raises several 

practical caveats with this technique: 

e At loads of less than 300 g, the long diagonal of the Knoop impression does not extend as 

far as it should. 

e With very small indentations produced at light loads, error associated with the location of 

the actual ends of the indentation becomes greater. 

The diamond pyramid hardness test (Vickers) would reduce both of these problems. However, 

because this indentation is square, one cannot place indentations as closely together. 

He notes that both factors have the effect of giving a high hardness reading at lower loads. 

Similarly, surface imperfections that tended to pin the indentation would artificially increase the 

measured Knoop hardness. 

2.6 Barkhausen Noise 

When a ferromagnetic material is put in the midst of an AC magnetizing field, its magnetic 

domains attempt to reorient in the direction of the applied field.°’ The material is said to be 

magnetized when an appreciable fraction of the molecular magnetic moments align in a direction 

parallel to the applied field,” or when those domains already oriented with the magnetic field 

increase in size. It is easier for some of the domains to reorient than others, since certain domains 

initially will be oriented in directions similar to that of the applied field. Also, when domain walls 

change size or direction, they tend to move suddenly. Thus, magnetization proceeds by a series of 

minute jumps, with the easiest domain changes occurring first. 

These discrete domain jumps may be heard as clicks when the magnifying coil is connected to 

an amplifier and loudspeaker; hence the term Barkhausen noise. The noise is influenced by residual 

or applied stresses, since stress fields affect the ease of domain rotation. Large tensile stresses in 

the direction of magnetization facilitate domain reorientation, since the tensile stress “pulls” 

domains into the direction of magnetization. Similarly, large compressive stresses generate low 

levels of Barkhausen noise, since they tend to push domains away from the direction of 

magnetization. 
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It has been noted that grinding burn results in a near-surface state of tensile residual stress. 

Thus, a large Barkhausen noise signal would be expected here. Indeed, one researcher stated: 

“Grinding burns are distinguished from sound material by an increase in Barkhausen noise 

amplitude over the amplitude due to unburned areas.” ™ 

Barkhausen noise analysis as a means of measuring residual stress does have some inherent 

drawbacks, however: 

e Although the depth of evaluation is dependent upon the frequency range of the magneto- 

elastic signal analyzed, and thus can be approximately varied from 20 pm to 200 pm,” 

stresses from grinding can go through a considerable gradient in as little as 10 um. 

e Barkhausen noise is sensitive to the material’s microstructure, since line and point defects 

tend to pin domain walls. Thus, signal drops as hardness increases in a given 

ferromagnetic material. This confounds the signal due solely to residual stresses (note, 

however, that Tiitto states that the stress and microstructural contributions to Barkhausen 

noise can be separated by observing the location of maximum noise as a function of the 

magnetic field). 

e In addition to evaluation of intrinsic properties, magnetic methods such as Barkhausen 

Noise Analysis can be used to detect defects in materials.°’ This would tend to further 

confound the signal due solely to residual stresses. 

e The noise signal saturates at a stress of about 70 ksi in either tension or compression. 

Thus, in cases of large grinding stresses, BNA would indicate only whether larger residual 

stresses were tensile or compressive.” 

Clarification of the superposition of stress, microstructural and geometrical effects, along with 

proper equipment calibration to avoid saturation at both high compressive and tensile residual 

stresses need to be performed. Mordfin notes:” 

“A number of magnetic properties are sensitive to stress and can, in principle at least, be used 

to provide nondestructive evaluations of residual stresses in ferromagnetic materials. Despite a lack 

of adequate understanding of the underlying phenomena, Barkhausen noise analysis has been used 

to estimate residual stresses in several applications . . . The relationship between the noise 

amplitude and the stress is non-linear, however, and appears to be most useful for the estimation of 

stress level well below the yield strength of the material. Also, Barkhausen noise is influenced by a 
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variety of material parameters other than stress, such as composition, texture and work hardening. 

Hence it is imperative in each application to use calibrated reference samples with the same 

composition and processing history as the member being analyzed.” 

2.7 Eddy Currents 

When an eddy-current probe is placed next to the surface of a metal, an electrical current loop 

is created in the surface of the part being examined in response to the applied alternating magnetic 

field (coupling occurs by means of the magnetic field emitted from the probe). This induced 

electrical current will set up its own magnetic field, which opposes and modifies the applied field in 

terms of both phase and amplitude. An inspection coil incorporated into the probe can detect the 

modification of the primary field, and thus indirectly measure eddy-current response.” 

Changes in microstructure, as well as in residual stress state, will affect the generation of the 

eddy-currents, and thus can be detected with this technique.’'’” 

In practical testing, four variables will significantly affect eddy-current response: 

e Material conductivity, including chemical composition, heat or age treatment, temperature 

e Magnetic permeability (affects the ease with which magnetic lines flow through the part) 

e Lift off signal (the distance from the probe to the surface) 

e Test piece geometry. 

Probes are designed to emphasize or minimize the effects of the above parameters. Absolute 

coils use the same coil for generating and detecting fields. Differential coils use two coils arranged 

in opposition, so that any signal that might affect both coils is reduced. The latter design filters out 

much of lift off, but has heightened sensitivity to crack detection. 

The frequency at which the applied magnetic field is switched will determine depth of 

penetration of eddy-currents from the surface (also taking into account composition and 

permeability). For mild steels, a 3 MHz signal will result in eddy-currents reaching 10 um below 

the surface. 

Beyond the problems associated with a confounding of signals due to microstructure, residual 

stress, cracks and lift off, it has been found that a curved piece of metal will have a different 

response than a flat plate of the same material. Further, for narrow samples, edge effects can 

distort the eddy current field, creating artificially large responses.” 
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2.8 X-Ray Diffraction Peak Width 

X-ray diffraction is a non-destructive technique for measuring stress values in a part's surface 

layers. X-ray transmission decays exponentially with distance, so that penetration depth is usually 

less than 10 to 20 wm, depending of the absorption coefficient of the material, the x-ray 

wavelength, the specific diffractometer tilt angle, and the percentage of beam absorption chosen 

(generally 50 or 95 percent of absorption is considered in depth calculations). 

X-ray diffraction is based on the measurement of distances between atomic planes in a 

material, using Bragg's law: nX = 2dsin®, where 7 is the order of reflection, A is the wavelength of 

the particular x-radiation used, d is interatomic planar spacing, and 6 is one-half of the angle 

between the incident and diffracted beams. 

An extended quote from Cullity provides very clear insight into the analysis of x-ray 

diffraction peaks:” 

“A single atom scatters an incident beam of x-rays in all directions in space, but a large 

number of atoms arranged in a perfectly periodic array in three dimensions to form a crystal 

scatters x-rays in relatively few positions. It does so precisely because the periodic arrangement of 

atoms causes destructive interference of the scattered rays in all directions except those predicted 

by the Bragg law, and in these directions constructive interference occurs. 

“Tt is not surprising, therefore, that measurable diffraction occurs at non-Bragg angles 

whenever any crystal imperfection results in the partial absence of one or more of the necessary 

conditions for perfect destructive interference at these angles. These imperfections are generally 

slight compared to the over-all regularity of the lattice, with the result that diffracted beams are 

confined to very narrow angular ranges centered on the angles predicted by the Bragg law for ideal 

conditions.” 

Specifically, x-ray peak width is affected by the following parameters 

e Crystal size 

e Nonparallel incident x-rays 

e A non-monochromatic beam (different wavelengths introduce different 26 reflections) 

e Subcrystals (mosaics), regions of high dislocation density, and other means of microstrain 

inside the material. 
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We hypothesized at the beginning of the study that x-ray peak width might prove an acceptable 

approach toward determining grinding burn, in that peaks broaden with cold work, but narrow 

significantly as the material tempers or anneals. In the extreme, an annealed steel diffraction peak 

will be narrow with a perceptible K, split. The presence of plastically deformed material will 

reduce the uniformity of d-spacings, with local variations, or microstresses, causing a broadening 

of corresponding diffraction lines.” 

Tempering reduces the level of microstrain in the metal grains, and thus might be expected to 

result in diffraction peaks that approach those for an annealed condition. Figure 8 depicts x-ray 

diffraction peaks for induction hardened steel both with and without grinding burn. Note the 

substantial decrease in peak width for the burned lobe. The full width of the peak at half-maximum 

intensity models is a convenient measure of peak width, as is the integral breadth. 
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Figure 8. X-ray diffraction line width for induction hardened steel and the same steel following 

overtempering (from real data). Peak width represents crystalline imperfections. Tempering burn provides 

sufficient thermal energy for some highly strained steel crystals to recrystallize. Note the large number of 

counts at peak center. Peak widths were determined to £0.05°. 

The uneven shape at the center of the peaks, which is especially evident for the broad peak 

corresponding to the unburned lobe, is due to an aging of the position sensitive proportional 

counter (x-ray detector). This is explained further in Section 3.5. 
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2.9 X-Ray Diffraction Retained Austenite 

Sensitivity to cracking in SAE 52100 has been reported to increase with retained austenite 

content.’”° This is due in part to carbides rapidly nucleating and growing on the austenitic grain 

boundaries during quenching, leaving brittle cleavage interfaces between carbide and martensitic 

regions. 

In this experiment, prior to grinding, the lobes were heated to a temperature near 1000°C to 

create the thermodynamically-favored austenite phase. They were then quenched to room 

temperature. In quenching, cooling occurs too rapidly for the equilibrium formation of a pearlite 

and carbide microstructure; rather, the distorted body-centered tetragonal martensite structure 

forms from austenite through a shear transformation. Austenite regions also are present; these are 

believed to be stabilized through the transformation stresses that occur in rapid cooling. For SAE 

52100 steel, retained austenite will be present even at quench times in excess of 100 seconds. The 

shorter the quench time, the greater the amount of retained austenite. 

The ensuing tempering treatment causes carbon trapped in the martensitic structure to diffuse 

to iron carbides, allowing the martensite to transform to ferrite. This is known as the tempered 

martensite structure. Concurrently, a ferrite/carbide mixture grows in the place of retained 

austenite regions. Because the temper operation seeks to increase ductility with a minor loss in 

hardness, there is not sufficient time/temperature for the complete transformation of retained 

austenite. 

The grinding operation aids the transformation of any remaining austenite to martensite by the 

action of wheel pressure and heat (since austenite is unstable at room temperature in carbon steels). 

For a properly quenched and tempered steel, with retained austenite under five percent, the volume 

expansion and brittleness of the freshly created martensite will not lead to a cracking problem. 

However, if rehardening burn occurs in grinding, where temperatures are sufficient to cause the 

formation of additional martensite and retained austenite, cracking or an increase in surface 

roughness are likely. 

Thus, a measure of retained austenite after grinding gives information about susceptibility to 

cracking as well as the temperatures reached in grinding. Retained austenite can be revealed 

metallographically if an effective etchant is used, such as boiling alkaline sodium picrate. However, 
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an x-ray peak comparison is performed more rapidly, and should be able to measure austenite 

contents as low as one to two volume percent. 

Retained austenite is measured with x-ray diffraction by comparing the integrated intensities of 

diffraction peaks for the austenitic and ferritic phases. If the percentage of iron carbides is known 

or assumed, the percentages of the two remaining phases may be deduced from their peak 

intensities. We measured ferrite at 156° 20 and austenite at 128° 26. If preferred orientation or 

large grain size had existed, which would have affected diffraction intensities, it would have been 

necessary to measure phase intensities each at several different peaks, given below in Table 4, and 

then use their weighted intensities to compute retained austenite. 

Table 4. X-Ray Peaks for Determination of Retained Austenite (Cr K & radiation) 

  

  

    

Structure Plane 20 Structure Plane 20 

BCC (110) 69° FCC (111) 66° 
(200) 106° (200) 78° 

(211) 156° (220) 126° 
  

A final note involves the location of the diffraction peaks as a function of carbon content. 

Ferrite has minimal carbon solubility at room temperature, and therefore wouldn’t be expected to 

see a change in lattice constant with increased carbon content.’ However, in the case of austenite 

and martensite, the dependence of the lattice parameters on the percent carbon, ”,, 1s given by: 

Table 5. The Effect of Carbon Content on Lattice Parameters” 

  

Martensite lattice parameters Austenite lattice parameters 

c=2.861A + 0.11 An, a= 3548A+044An, 

a= 2.861 A— 0.013 An, 

  

        
2.10 X-Ray Diffraction Residual Stress 

The distance between a material’s lattice planes will change from a stress-free value to some 

new value when undergoing elastic deformation. Since the interplanar distance, or d-spacing, is 

related to the measured 20 angle by Bragg’s law, it then becomes a straightforward matter to 

measure the change in d-spacings by measuring x-ray peak shifts. This in turn is used to compute 
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strain in the direction perpendicular to the irradiated surface. Stress is calculated from strain using 

a Hooke’s law relation. 

In addition to measuring strain in grains with atomic planes parallel to the surface, strain in 

differently oriented grains may be arrived at by tilting the sample through a range of angles while 

keeping 20 fixed. This has been explained more clearly by picturing a uniaxial compressive force 

applied to a bar. The spacing between planes parallel to the surface will increase due to Poisson 

expansion. However, as the degree of tilt (denoted by w) increases, interplanar spacing will become 

smaller and smaller.” If diffraction peaks could be obtained at a 90° tilt, they would indicate strain 

perpendicular to the surface (that is, in the direction of the applied compressive force). Thus, their 

lattice spacings would be smaller than the unstrained lattice spacing. 

Multiple stresses in polycrystalline specimens are calculated through either deterministic or 

Statistical techniques that relate elasticity theory to the actual d-spacings determined for different 

grains (in elastic loading, strain is uniform over distances large compared to grain size). In 

practical measurements, stresses in the surface plane are of interest. Typically, the sample is 

oriented such that a normal stress is determined in a direction corresponding to the part’s 

dimensions, such as around a cam lobe’s circumference. To obtain the stress perpendicular to this, 

still acting in the plane of the surface, it then becomes necessary to realign the sample with respect 

to the goniometer. That is, to measure residual stress in the direction of the camshaft’s axis, it 

would be necessary to turn the camshaft sideways. We refer to this as a @ = 90° rotation.§ 

Additional rotations can be performed to obtain data to compute the remainder of the stress tensor. 

The general relation for determining stress is as follows (see Figure 9 for stress notation): 

(a, —d,) _ (1+ v)   x(o,, cos? ¢ +0,, sin2¢ +0,, sin? ¢ —0,,)sin? y 

    

I+v I+ 
+! E (6,,00s4 +o,,sin 6) sin2y ++ Ye, 

Vv 
~ io + Oy. + a3) 

where d) is the unstressed interatomic spacing for the specific (hkl) plane examined, v is Poisson’s 

ratio, E is the x-ray Young’s modulus for the reflected (hkl) plane, 6 is the orientation of the 

diffractometer (measuring the angle between the diffractometer and the workpiece), and y is the tilt 

  

§ Thus, o is the angle between the plane of the diffractometer and some arbitrarily user-defined axis. 
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angle of the diffractometer. Further details of this derivation, as well as errors that arise from 

imprecision in the angles ¢ and wy, are given by Noyan and Cohen,” and by Jo and Hendricks.*! 

The residual stress equation may be written in a simplified manner by treating the y terms as 

independent variables, and all other terms in the equation as regression coefficients: 

d,, =A, +B, sin’ y+C, sin2y 

where the regression coefficients are defined as given as follows: 
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Figure 9. The directions of the stress tensor. In this study, 033 points normal to the surface; that is, in the 

z-direction. Planar stress 0), corresponds with the x-direction, while stress O22 corresponds to the y- 

direction. 
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If the specimen examined by x-rays is quasi-isotropic, the six unique components of the 

residual stress tensor can be obtained by performing three multiple regressions on the d-versus- 

sin’y plots at three different orientations.’ A least-squares criterion provides estimates of the 

regression coefficients. 
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Many x-ray residual stress analysis systems now use position sensitive proportional detectors 

(PSPD's), allowing fast diffraction peak measurements — typically 10 to 15 minutes to obtain 

peaks for a range of sample tilts. Peak profiles are automatically input into systems through analog 

to digital converters, where they are analyzed with sophisticated algorithms that often perform the 

final strain to stress calculation independent of operator intervention. Depending on diffractometer 

alignment and conformance with elasticity theory, such final figures may or may not represent 

actual residual stresses in the material. 

In grinding studies, special attention has to be made in the interpretation of x-ray diffraction 

results since the state of stress generated in ground materials is often triaxial. Due to the sharp 

stress gradients introduced in grinding, the assumption of zero stress perpendicular to the sample 

surface is violated. This results in a non-linearity of the d-vs.-sin’y plot, from which residual 

stresses are calculated. The plot becomes elliptic, and thus requires multiple regression algorithms 

to be analyzed.” 

Specific attention also has to be given to the evaluation of the x-ray elastic constants for the 

diffraction technique; the Young's modulus E used in x-ray diffraction depends on the 

crystallographic direction [hkl] and differs significantly from its bulk value found in the “classic” 

literature. When Poisson’s ratio is unknown, a separate experiment has to be performed to evaluate 

Ex and v (or their x-ray equivalents S$; = —v/E and S, = 1 + v/E), using an approach similar to 

Prevey's.® 

Tonshoff presents a complete description of an experimental procedure to evaluate the residual 

stresses in a 100 Cr 6 (AISI 52100) steel ground with Al,O3 and CBN.” A Seifert diffractometer 

was used in conjunction with bending and tension equipment to evaluate the elastic constants in the 

(211) direction. Another way to evaluate E,,; and v consists of using theoretical models such as 

Voigt, Reuss or Kroner averages.*’ 

One should note that if only relative stress values are necessary, the exact values of these x-ray 

elastic constants are less important: no matter which E,,, and v are used, the good shape of a stress 

profile will be obtained. Errors would thus appear in only the exact stress “values.” This explains 

why many studies are performed with E,,, assumed equal to its bulk value. Most of the time this 

assumption is not even reported, and thus the quantitative results may have little to do with actual 
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residual stresses. Holden further discusses various problems associated with residual stress 

measurements (both by x-ray and neutron diffraction).** 
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3. EXPERIMENTAL PROCEDURES 

3.1 Statistical Design Overview 

The design of experiment specified the grinding of actual camshafts, using wheel and 

workpiece rotational speeds similar to those used in practice. Cam grinding typically uses a 

maximum workpiece speed on the base circle, and varying fractions thereof for the ramps and nose 

regions. Thus, two variables were present at the outset: footprint (the length of contact between the 

grinding wheel and the workpiece) and footprint speed. Each of these has a continuous range of 

levels; however, the cam lobe profile was given in terms of one degree increments, so that both the 

footprint and footprint speed could similarly be estimated in one degree intervals. The CNC grinder 

used for all grinding herein performed those estimations internally. 

We chose to vary one remaining significant factor: Depth of cut. This was done in such a way 

that the eight lobes of a single shaft received incrementally decreasing depths of cut, starting at 

0.10 mm and working down in steps of 0.01 mm to 0.03 mm. Multiple passes were used in 

conjunction with the varying depth of cut to ensure equivalent total metal removal; the effect of 

multiple passes has been studied elsewhere and is discussed further in the body of this report. 

Thus, taking into account regions of contact, contact speeds and depths of cut, and making 

reductions for redundancies in profile over the base circle, there were approximately 250,000 total 

combinations of the three stated factors during grinding. 

Obtaining and comparing results from such an experiment requires explanation (see also 

Appendix A for the measurements matrix). To be able to discern which technique best detects 

grinding burn, it is first necessary to pinpoint where the burn occurred. Such determination is non- 

trivial. Thermal damage may range from imperceptible to severe, and in fact is largely determined 

by the part's application. In the case of cam lobe grinding, burn could be any of the following, not 

all of which may be present together: 

e A dark patch revealed by acid etch. 

3. Experimental Procedures Page 32



A Rapid, Non-Destructive Test to Detect Camshaft Lobe Grinding Burn 

e Achange in residual stress near the surface. 

e A change in Rockwell C hardness of several points. 

Indeed, it was this very ambiguity of definition at the outset that necessitated the use of actual 

camshafts that could be placed in a simulated engine environment. Thus, service performance 

would indicate, for instance, how much near-surface tensile residual stress could be tolerated, 

defining where burn starts in terms of residual stress. However, no tests have yet been run in the 

camshaft test fixture, so that we have been forced to use one of our evaluating techniques as our 

standard for evaluation. Since we are comfortable with the d-vs.-sin?y x-ray residual stress 

technique and with electropolishing, we arbitrarily defined grinding burn in these camshafts as a 

net area of tensile residual stress within 100 yum of the surface. 

Results of other techniques (i.e., grinding forces, Barkhausen noise, etc.) therefore are judged 

by their correlation with the depth residual stress values. We attempt to use each of these 

techniques to detect burn; however, it is important to keep in mind that each technique will be 

evaluated primarily by its agreement with the depth residual stress results in detecting burn. After 

describing the various measurements taken, Figure 33 on page 71 of this report graphically reports 

the comparisons between the primary NDE techniques and depth residual stress values. 

The CNC grinder's built-in transducers provided normal and tangential grinding forces for 

every degree of cam rotation for every grinding pass, limited at 8,000 data points per lobe. In 

addition, its software calculated other data, such as work removal parameter, specific power, and 

stock removal rate, except that anomalies made acquisition of such calculated numbers problematic 

or impossible.™ Surface roughness was measured at Landis at two points (base circle and ramp) 

on each of the six test Kulhanek shafts. Profile was also measured at Landis for the six test 

Kulhanek shafts. The semi-automated RollScan unit rapidly provided voltage readings (via a 

sensing pole that converted Barkhausen clicks to voltages) on ground camshafts at every 6° 

rotation and in two directions. X-ray residual stress measurements were performed in one to three 

directions and at up to eight depths, again following the profile of the cam lobe, but in 15° or 

greater increments. Each residual stress measurement required from 3 to 21 separate x-ray 

  

*" Reported grinding forces were consistent. However, certain numbers calculated from forces, lobe 
geometry and wheel/workpiece speed were inconsistent. For example, stock removal rate reasonably 

increased with depth of cut, then jumped by a factor of 10 for one lobe, and then returned to its steadily 
increasing values with the next lobe examined. 
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diffraction peaks. And last among the primary techniques to analyze the camshafts, x-ray line 

broadening was taken directly from the residual stress runs, requiring no further measurements. 

Secondary forms of measurement were used to a lesser extent. These permitted a qualitative 

picture of the ground lobes and an understanding of the techniques themselves, rather than 

providing a large quantity of data that could be compared and contrasted with the primary forms of 

measurement. Secondary techniques to this study included eddy current measurements, made at 

only six points per lobe, as well as retained austenite measurements, performed on only a few lobes 

at angular increments similar to those used for other x-ray work. Similarly, Knoop microhardness 

was recorded across a range of depths at four points on two sectioned lobes; these were used to 

verify the burn mechanisms detected with the primary techniques. 

3.2 Cam Lobe Fabrication 

The cam lobe lift specifications, stated in one degree increments as provided by Ford, are listed 

in Appendix B. Because lift figures were both incremental and rounded, rather than given in the 

form of continuously-joined equations, lift acceleration was rough (Figure 10). Marshall Faith at 

Landis therefore adjusted the lift profile numbers to permit a smooth acceleration. However, there 

was no guarantee that his profile matched the profile developed by Ford engineers. In addition to 

altering grinding forces along the ramps, this could create unanticipated fatigue performance 

during the upcoming accelerated life testing phase of this project. 

  

Figure 10. Cam lobe lift acceleration (vertical scale, 0.00132 mm/deg’ per division) versus degree location 

(horizontal scale, 10° per division). Horizontally, the graph starts and ends on the base circle. Thus, the 
nose is seen as the region of lowest (negative) acceleration, while the two ramps appear as acceleration 

peaks. The small, sharp peak to the right of the closing ramp is an exciter. 
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No information was revealed by cam lobe manufacturer Presta Semaflor regarding lobe 

forging and camshaft assembly for the 2.3 L shafts used in the bulk of this experiment. However, a 

process flow diagram for the Cleveland 2.5 L shafts was received; because of the similarity in 

material, case depth and formation of splines, we assumed a related process flow diagram. Known 

variances between the two processes are discussed below. Refer to Section 2.1 (page 10) for 

probable ranges of heat treatments. 

Cam Lobe Forging: 

e Hot forge lobe from incoming bar stock, pickle or sandblast the surface to remove scale. 

e Anneal (spheroidize) to form spheroidal cementite. 

e Induction harden the outer profile to a depth of 2.0 mm. Temper to a minimum HRC of 55. 

e Turn the lobe’s bore. Broach 360° splines into bore. 

Camshaft Assembly: 

e Cut tube stock to shaft length, deburr tube ends, wash and dry tube. 

e Induction harden journals. [Note: the 2.5 L shaft’s journals are ground directly on the 

shaft, while journals are attached and protrude from the 2.3 L shaft.] 

e Straighten the tube if necessary. 

e Press fit sprocket. Press in end plugs. Machine center holes. [Note: the 2.5 L shaft has a 

powder metal sprocket, which led to some confusion as to whether the lobes themselves 

were powder metal — microscopic inspection indicated that the lobes were forged. The 2.3 

L shaft did not have a sprocket attached prior to grinding. | 

e Turn washer and journals, undercuts, oil groove. 

e Press on lobes. Correct axial position relative to washer. Correct angular position relative 

to sprocket. 

e Laser etch part number and date code. Apply corrosion inhibitor and package. 

The assembled 2.3 L camshafts were sent from Presta to Ford, and forwarded from there to 

Virginia Tech. Each camshaft was surrounded by polymer web, cushioned with bubble wrap and 

packaged inside its own cardboard case. This mode of packaging was replicated when transporting 

the cams to and from Landis for grinding, and also when shipping certain of the camshafts through 

the mail. 
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3.3. Grinding Protocol 

To accurately detect grinding burn, it was first necessary to introduce controlled burn into the 

cam lobes. As stated above, we chose to accomplish this through varying the depth of cut between 

lobes (this refers how far the abrasive wheel cuts into the cam lobe on a single rotation of the 

camshaft). For a given lobe and cutting speed, larger depths of cut mean larger tangential forces 

between the abrasive wheel and the lobe, resulting in higher temperatures. 

Grinding was performed at Litton Automotive Services on a research version of their Landis 

3L-CNC Cam Lobe Grinder. This machine is instrumented with dynamometers that record normal 

and tangential forces as a function of lobe angular position. In an old paper, researchers monitoring 

grinding forces during dry surface grinding on SAE 52100 reported: 

e Grinding forces are independent of the direction of the motion of the workpiece. 

e Grinding forces increase as the abrasive wheel dulls. 

e Normal and tangential grinding forces increase with increased metal removal rate. 

Initially, grinding was performed using a Research Abrasives plastic bond Al,O, wheel 

rotating at a constant speed of 2574 rpm, or about 16,000 surface feet per minute. Burn, as 

revealed by acid etching, could not be identified on any lobe at the most severe settings (low 

coolant pressure, fine wheel dressing, maximum depth of cut of 0.48 mm). We then switched to a 

Sterling Abrasives vitrified bond Al,O, wheel at full coolant pressure. Rehardening burn 

immediately occurred on every lobe. Depth of cut was reduced and wheel dressing was roughened 

to the point where about half the lobes appeared to have a temper burn. This was evidenced by a 

slight darkening on the ramps and base circle following an acid etch. Final grinding parameters are 

given in Table 6. 
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Table 6. Final Grinding Parameters 

  

Work Material 

Work Speed 

Wheel Specification 

Abrasive Grain 

Manufacturer 

Grain Size 

Structure 

Bond Type 

Grind Type 
Wheel Speed 

Coolant Type 

Coolant Pressure   

Induction Hardened, Tempered, SAE 52100 

60 rpm base circle 

ALO, 
Sterling Abrasives 
60 (medium) 

8 (medium) 

Vitrified bond 

Cam 
1958 rpm (80 m/s) 

6 percent Castrol 768 

120 psi, 35 gallons/minute 
  

  
The depths of cut and number of grinding passes for the individual lobes of the Kulhanek 

camshafts were set for the vitrified bond wheel as follows in Table 7: 

Table 7. Depth of Cut per Grinding Pass by Lobe Number 

  

Grinding Single Pass 

Lobe ID Passes Depth of Cut (mm) 

Lobe 8 16 0.03 

Lobe 7 12 0.04 
Lobe 6 10 0.05 
Lobe 5 8 0.06 
Lobe 4 7 0.07 

Lobe 3 6 0.08 

Lobe 2 5 0.09 
Lobe 1 5 0.10     
  

It was reported several decades ago that the effect of successive cuts on the metal's strain 

history is not cumulative, so that varying the number of grinding passes to achieve constant total 

metal removal does not significantly affect the metallurgical state of the ground lobe.” This topic 

is further addressed in this report when discussing results of the x-ray residual stress depth 

profiling. 

An initial rough pass was performed to ensure uniform lobe geometry prior to the metal 

removal passes defined in Table 7. The rough pass actually served to clean excess metal from one 

or the other side of the as-received lobes, but in no case did it take off more metal than the 

scheduled metal removal passes. In addition, all lobes received two final dwells, or spark-out 
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passes, after the metal removal passes to ensure a more uniform surface finish. Here, the grinding 

wheel and the lobe are kept in contact for two complete camshaft rotations; the small stock removal 

is due to elastic work and wheel deflection during the metal removal passes.’ 

Certain other adjustments to the experiment's design were performed during grinding: 

The rounded lift specifications for every degree rotation provided by Ford underwent 

minor adjustments to remove acceleration roughness due to rounding, as previously 

discussed in connection with Figure 10. 

The Kulhanek cams provided by Presta did not have built-in indexing pins. Thus, in order 

to grind the lobes and to measure profile, a locating fixture had to be attached to one end 

of the camshafts. Indexing was then performed based on the angular location of the first 

lobe. This was sufficient as long as all other lobes on the shaft were correctly situated with 

reference to the first lobe. 

The mechanical assembly process, wherein splined lobes are press-fit onto a hollow shaft, 

apparently caused slight rotation of the cam lobes on the shaft. Rotation was sufficient that 

only one side of the lobes would be cleaned-up in grinding; while the other side remained 

as delivered from Presta (i.e., one side would be polished after grinding, while the other 

retained its black, oxidized surface). 

The lobes had less than 0.5 mm of excess stock. Thus, in order to fully clean-up the lobes 

in grinding while accounting for misalignment due to locating pin and lobe rotation, they 

were ground undersized by up to 0.15 mm. This reduced the base circle from 16.25 to 

16.10 mm. 

The effect of wheel dulling is a function of the real area of contact between the grinding wheel 

and the lobe; a dull wheel gives a much larger area of contact, thereby increasing grinding force 

and temperature.” 

We minimized the effect of dulling of the abrasive wheel by conditioning the wheel after each 

lobe was ground (0.8 mils were taken off the wheel in these operations). Thus, grinding forces 

might be expected to vary slightly with pass number for individual lobes (Figure 11), but we were 

assured a consistent starting point with each new lobe. Agreement between similar lobes on 

different shafts was good, with a standard deviation in force measurement less than four one- 
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thousandths of the maximum grinding force (20 = 1.25 lb.). The varying workpiece speed, in 

addition to the varying lift geometry, affected the stock removal rate around the lobes (Figure 12). 
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Figure 11. Tangential grinding forces monitored for lobe 3, shaft V-8. Grinding forces are largest at the 
ramps (spikes) and the base circle. No metal protruded far enough to be ground in the initial rough, clean- 

up pass (the wheel ground air). Only five of the six metal removal passes took place at the full depth of 
cut, since in the first pass the abrasive wheel just barely touched the lobe. Note the reduced frictional 

forces during the two trailing sparkout passes. 
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Figure 12. Stock removal rate as a function of angular position for a single grinding pass. Shaft V-9. The 
camshaft rotated most rapidly in the vicinity of the base circle. This resulted in larger grinding forces, as 
shown in Figure 11. Although the camshaft rotated slowly along the ramps, their flat surfaces permitted 

the abrasive wheel to traverse each entire ramp in very short time, creating a rapid stock removal rate. 
The replication error of stock removal rate between camshafts is 26 = 16.410 in?/min-in. 

3. Experimental Procedures Page 39



A Rapid, Non-Destructive Test to Detect Camshaft Lobe Grinding Burn 

3.4 Barkhausen Noise Measurement 

American Stress Technologies provided a RollScan Unit 200-M100 to measure Barkhausen 

noise in the cam lobes (see Figure 13). Measurement depth was set at 20 um by analyzing a high 

frequency of the Barkhausen signature. The sensor of this instrument applies a controlled AC 

magnetic field through two magnetizing pole pieces; a sensing pole placed between these detects the 

Barkhausen noise. The direction of measurement is delineated by the line going through the centers 

of each of the pole pieces. 

  
Figure 13. AST’s RollScan 200, which was used to obtain all Barkhausen noise data presented in this 
report. The sensor is attached to a rubber conduit that extends from the front of the device. Several 2.3 L 

camshafts are stored in the cart that holds the device. 

Initial RollScan calibrations were performed on unground camshafts with hand-held sensors, 

which introduced an element of contact stress and positioning uncertainty into the technique. 

Calibration was necessary because the level of magnetic signal varies between materials; saturation 

can occur if the magnetizing field is either too low or too high. Several preliminary results were 

notable, which influenced the RollScan setup for the ground camshafts: 

e All measurements varied widely due to hand pressure, angle that the probe was applied, 

and time of magnetization. 
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e The circumferential measurements were quite sensitive to point of contact. An edge effect 

increased the Barkhausen response by as much as 160 percent. 

The contact problem was anticipated; contact area controls magnetic field and the amount of 

Barkhausen noise detected. Therefore, for the more crucial measurements to be performed after 

grinding, a more automated solution had to be reached. 

After the camshafts were ground, American Stress Technologies provided Virginia Tech with a 

camshaft rotation device and two probes (axial and circumferential). New calibrations indicated 

that the device should be set for a magnetic flux of 40 and a gain of 95 when measuring in the axial 

direction. Calibration runs are shown in Figure 14. Magnetic flux was increased to 60 for 

circumferential measurements. 
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Figure 14. Axial RollScan response with magnetization and gain for burned and unburned lobes. Signal is 
larger and shows the characteristic knee in the unburned regions. Saturation is observed for the unburned 

lobe at high applied magnetizing fields. 

When mounted on AST’s rotation jig, the camshaft rested upon its journals, which rotated by 

means of frictional contact on rubber O-rings. The sensor rested directly on the cam lobe, and was 

pin-attached parallel to the length of the shaft, so that it could rotate slightly to accommodate lift. 

The goal was to record Barkhausen noise signals at precise intervals of shaft rotation, similar to 

the force measurements made on the Landis equipment. Although this appeared to be the best way 

to make measurements, there were three problems with this arrangement: 

e It soon was discovered that the weight of the camshaft was not sufficient to prevent the 

journals from sliding during rotation, especially when the probe encountered the shaft’s 

Opening ramp. This effect was more severe when the circumferential probe was attached, 

due to its greater weight and larger area of contact with the lobe. A partial solution was to 

press down on the journals during rotation and thereby increase the frictional force. 
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However, it was difficult to maintain pressure exactly normal to the flat surface upon 

which the device rested, and thus rotation was sped up or slowed down according to the 

hand-pressure bias. This resulted in a possible difference of two seconds (at 2 rpm) 

between actual location and measured location — equivalent to a worst case displacement 

of 6.8° from anticipated lobe location. 

e As the sensor rotated slightly to accommodate lift, it remained longer in some degree 

locations than others. 

e Even without slippage, rotation speed was more rapid traveling down a ramp than going 

up the other side, as the weight of the cam challenged the motor drive of the rotation Jig. 

RollScan measurements were automatically recorded in voltages every 0.5 seconds through a 

PC-based Keithley Metrabyte data acquisition board. Specifications for the RollScan equipment 

indicate that speeds of up to 5 m/sec can be tolerated by its sensor; in this experiment, the highest 

velocity of the sensor over the lobe would have been 4.8 mm/sec. An entire revolution of the 

camshaft took approximately 30 seconds, permitting the acquisition of 60 data points, or roughly 

one point for every 6° of camshaft rotation. 

3.5 X-Ray Diffraction Residual Stress Measurement 

X-ray diffraction peaks for low alloy steels have been well-characterized, and the locations of 

certain peaks are readily available in most introductory x-ray literature, as well as the JCPDS files 

(Joint Committee on Powder Diffraction Standards). However, using the classic equations for 

planar spacings and multiplicity’s, as provided by Warren,” we found it instructive to calculate 

diffraction peak information for iron’s two most prevalent phases: the body-centered cubic ferrite 

and the face-centered cubic austenite (see Table 8). 

Except for the retained austenite work, almost all x-ray measurements were performed on the 

(211) ferrite peak using chromium radiation, which offered the duplex advantage of large 26 angle 

and high multiplicity (M=24), thus offering good detected intensities and sensitivity to peak shifts. 

As shown in Table 8, the penetration depth for 63 percent absorption of the incident chromium 

radiation into the lobes ranged from 5.5 pm at a y=0° tilt angle to 3.9 um at a y=45° tilt angle, 
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using y goniometry.t? The unstressed (211) lattice spacing for the 52100 alloy was experimentally 

determined at 1.1723 + 0.0004 A, by measuring the average d-spacing a stress-free, unground lobe 

over 25 y tilts. Actually, the 20 error for this measurement was +0.0002 A; the error was adjusted 

up to take into account d-spacing shifts with time between measurements. A material constant 

(1+v)/E for the (211) plane of SAE 52100 was selected at 39.7 x 106+ 0.5 x 10% ksi", as 

provided in the open literature by Prevey.™ Detected intensities and regression fits were excellent 

(the latter’s correlation coefficient exceeded R* = 0.95 in almost all measurements), so that there 

was good reproducibility of results, notwithstanding a large measurement error (this will be 

presented more fully on page 47). 

  

TT Diffraction from both copper and chromium is possible for certain ferrite and austenite peaks. Note that 
penetration depth in Table 8 is calculated for the radiation corresponding to whichever 26 peak is shaded. 
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Table 8. Calculated X-Ray Reflections, Planar Spacings and Penetration Depths for Steel 

  

  

  

  

FERRITE (BCC) AUSTENITE (FCC) 

20 Penetration Depth (um) 20 Penetration Depth (um) 

Plane(s)| do Cugnsty Cuz Cr eet) w=0°  w=30° w= 45° do Cuqnsty) Cu (ne, Cr (net w=0° w=30°y=45° 

100 | 2.86650 * . * 3.64690 * . ‘ 

110 |2.02692] 44.71 99.05 3.17 2.75 2.24 | 257875 * * * 

111. | 1.65497 * * 2.10554] 42.96 1.01 0.83 

200 | 1.43325] 65.08 4.49 3.89 3.17 | 1.82345] 60.02 1.17 0.95     210 | 1.28194) * 

211 [1.17024] 82.41 

1.63094) * 

550 476 3.89 | 1.48884) * ° 

    

     

  

220 427 370 302 | 1.28037] 73.44 191 165 1.35 
300,221 453 393 320 {121563} * 

310 478 414 3.38 | 1.15925] * . 
311 1.09958 151 130 106 
222 523 453 3.70 | 1.05277 157 «1364.41 
320 1.01147 
321 | 0.76610 0.97468) * 

400 | 0.71663 0.91173] ¢ 182 157 128 
410,322 | 0.69523 0.88450| 
411,330 | 0.67564 0.85958 

331 | 0.65762 0.83666 198 1.71 1.40 
420 | 0.64097 0.81547 203 «4176 81.44 
421 | 0.62552 0.79582 
332 |0.61114 0.77752| *                   

Numerous survey residual stress measurements were made with x-ray diffraction (please refer 

to Appendix A for specifics of tests performed on the individual shafts). In fact, more than 600 

residual stress measurements were performed, since it was necessary to examine differently 

prepared lobes at different points and in different directions. However, two large, predesigned sets 

of measurements were permitted statistical comparison of XRDRS values with the results of the 

other nondestructive characterization techniques. In the first, and most important of these, x-ray 

residual stress measurements were made every 15° along the ramps and over a portion of the base 

circle of shaft V-9. However, degree locations were determined differently than the center-stock 

rotation scheme shared between the grinding force and Barkhausen noise measurements, requiring 

a correction to x-ray measurement locations. Because measurement locations are key to evaluating 
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the various burn detection techniques, more detailed discussion given below explains this 

correction. 

All measurements were made in either units of angular displacement or spacial displacement. 

The latter was used for x-ray and eddy-current measurements, where adhesive tape was applied to 

the outside surface of the cam. It was then cut to the size of the cam’s circumference, and 15° 

intervals were determined by dividing the lobe circumference into 24 equidistant segments. The 

cam’s eccentric lift characteristics lead to a shift in degree location from absolute degrees measured 

via a center-rotation scheme. The difference in degree location can be calculated by relating the 1° 

incremental lobe lift specifications provided by Ford Motor Company to a bar of round stock of 

equivalent circumference. Minor algebra provides displacements relative to the center of the lobe, 

by building right triangles between the coordinates of consecutive 1° intervals: 

90 

x, = v6 x 
i=l 

y= y/ : ~ x; 

z= (y, ~y1) +0Xx 

where Ox is the difference in displacement across the center of the lobe per degree location (taken 

to be a constant at the base circle radius of 16.1 mm divided by 90°, or 0.17889 mm/deg.), x; is the 

cumulative displacement in the x-direction, ranging from 0 mm at 0° to 16.1 mm at 90° rotation, /; 

is the sum of the lift and base circle radius, y,; is the displacement in the y-direction, and z; is the 

surface arc length at point i. From these equations, it is seen that the circumference of the ground 

lobes measure 108.3 mm, which would correspond to a bar of round stock of radius 17.2 mm. This 

figure agreed with the measured lobe perimeter. The average displacement for a 1° rotation is 0.3 

mm/deg.; maximum displacement per degree rotation occurs at 90°, where 1° corresponds to a 

distance offset of 7.0mm. Corrections between the apparent x-ray measurement locations and 

actual locations on the cam lobes are given in Table 9. The average difference between two 

locations is 11.2°, while the maximum difference of 22.4° occurs at the apparent measurement 

positions of 108° and 252°. 
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Table 9. Corrected X-ray and Eddy Current Measurement Locations 

  

  

    

Apparent Measurement | Actual Measurement 
Point (degrees) Point (degrees) 

0 0 
15 9 
30 21 
45 36 
60 50 
75 65 
90 96 
105 127 
120 141 
180 180 
240 219 
255 233 
270 264 
285 296 
300 310 
315 325 
330 339 
345 351   
  

The second large range of residual stress measurement involved examining six points on each 

of the lobes of shaft V-8 (again, these measurement locations required correction to correlate with 

the grinding force and Barkhausen noise measurement locations). Like the RollScan, data primarily 

was taken in the axial direction, though three lobes of shaft V-9 also were characterized in the 

circumferential direction. All residual stress measurements were made using the TEC PARS 1610 

x-ray stress analysis system. Figure 15 shows the experimental setup for x-ray diffraction residual 

stress measurements. 
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Figure 15. X-ray collimator from the TEC PARS 1610 system poised over an unground Kulhanek (2.3 L) 

camshaft. 

The plots in Figure 16 show the peak center locations (computed by taking the derivative of a 

parabolic fit)” for actual x-ray diffraction measurements taken one month apart. The axial 

measurement was taken first. Note that the intercepts of the two plots do not match, even though 

they represent the same measurement point and inclination. We postulate two reasons for this: 

1. The micrometer used to measure collimator to sample distances was imprecise. If the 

distance to the sample changed between two measurements, it would have the effect of shifting the 

diffraction peaks to a larger or smaller 26 value, depending on whether the distance error was too 

short a distance or too long a distance. 

2. With time the position sensitive proportional detector used in our laboratory lost counts 

toward the middle of the spectrum, causing a peak shift toward smaller 26 values in regions of 

compressive strain. Detector aging took place so rapidly that monthly detector did not prevent 

significant changes in computed residual stresses. This causes an increase in the d-spacing, 

exactly as observed. Measurements taken one month apart on the same lobes but different shafts 

showed a 20 error of +16.2 ksi. This should be compared with a regression error for a single x-ray 

residual stress value of typical value 20 = 8.0 ksi. 

To account for the combined effects of these multiple causes of error, the larger error value 

(26 = +16.2 ksi) is used for all biaxial residual stress data presented in this report. 
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If the uncertainty in dy is assumed to be equal to the error in d,, (4 X 107*A), normal 

components of the triaxial measurements will be known to have a minimum error of 18 ksi, based 

upon the following relation:”” 

0'33 - 033 = —3Ke 

where the bulk modulus K = E + 3 X (1 — 2v), and € represents the uncertainty in do. For steel 

alloys, uncertainty of every +0.0001A in location of dy results in uncertainty of 7.5 ksi in the 

diagonal components of the residual stress tensor. The absolute error in dy occurs only when 

triaxial stresses are calculated, and does not affect relative residual stress values. As will be seen 

for the majority of our discussion, the relative residual stress values were important in detecting 

grinding burn. 
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Figure 16, Plots of d-spacing versus sin? for surface x-ray diffraction residual stress measurements made 

in the axial and circumferential directions for the 300° point on the surface of shaft V-9, lobe 2. The 
curved plot corresponding to the circumferential measurement results from the presence of shear stresses, 

which are calculated from the nonlinearity. 

The x-ray technique varied with different goals when measuring residual stress. For instance, a 

2X5 mm collimator was used when measuring in the circumferential direction, where the long axis 

of the incident beam would not encounter much depth variation across the width of the lobe, while 

a round 2X2 mm collimator was used for the axial (and in-between, or 45° orientation) 

measurements to minimize beam spread at large tilt angles. 
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3.6 Metal Layer Removal 

X-ray residual stress measurements were also made as a function of depth in four locations: 

ramp, base circle, nose, and between the ramp and base circle (there were strong compressive 

residual stresses in the surface measurements, as will be shown in Figure 21). For small etching 

depths, the change in residual stress Gg value due to layer removal is given by:”* 

b0 = Or(Z1) ~ OR meas(Z1) = —406rR meas(/Z) x b62/H 

where z, is the etch depth, and H is the original lobe width. In order to have residual stress 

corrections of less than five percent, 

éz, = 1/4 x 0.057 

Residual stresses were not corrected for layer removal, since the lobe and shaft were of 

sufficient thickness (Y=9 mm) that stress values would have varied by less than five percent in the 

first 112 um, and stresses were insignificant at greater depths. For example, a 20 percent layer 

removal correction to a stress of 5 ksi falls well within our 20 error bar for this technique. 

All layer removal was performed using a Proto Manufacturing Model 8818 portable 

electropolisher. This device lets the practitioner set voltage, timer and flow rate; corrosion current 

is limited to three amperes and is determined by area of contact, corrosive agent, and applied 

voltage. Certain rules of thumb were passed on from an x-ray measurement hypertext system 

developed by Allan Ward:” 

e Slightly rotate the electropolishing probe to ensure good contact every time the pump is 

switched on (i.e., at the beginning of every measurement). 

e Ifthe etched surface has a wavy appearance, increase voltage or decrease time. 

e Ifthe etched surface shows unpolished spots, decrease voltage or increase flow rate. 

e Ifthe etched surface shows pitting, decrease both voltage and time. 

e If bubbling occurs during etching, it is a sign that the current is too low. Increase voltage 

or flow rate. 

The first etchant used in this device was a combination of 940 ml glacial acetic acid and 60 ml 

of 60% perchloric acid. Ice was placed in the side containers of the electropolisher, so that the 

etchant would stay below 50 °F. This precaution was more to suppress the pungent volatility of the 

two acids than to prevent an explosion — perchloric acid is stable in this mixture. The acid 
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solution was then poured into the electropolisher’s storage tank, contact was made between the 

probe and the lobe, acid flow was turned on, voltage and timer were set, and then the timer was 

tripped. Electropolishing lasted two minutes. 

There were three problems with this form of layer removal: 

e Acid leaked past the edges of the lobe, into the wash bucket and onto the floor, where it 

warmed to room temperature and became more rapidly volatile. 

e Etch times were long for only a few microns metal removal. 

e The acids were expensive. 

Moreover, the attempted calibration of etch depth with time did not work. The plan was to 

electropolish successive fixed time steps into the cam lobe, and then trace the distance between the 

steps with a Taylor-Hobson Taly Surf 4 profilometer, connected to a rectilinear graph recorder. 

However, because the lobes were ground at an angle, detecting step distance across the width of the 

lobe was ineffective. There was also a problem with getting adhesives to stick to the lobe surface 

while partially under the corrosion current (steps were formed by blocking off part of the cam with 

tape). 

Proto Manufacturing then recommended a supersaturated salt water solution as an etchant. 

This was quickly and cheaply created by agitating rock salt in distilled water, then pouring the 

supersaturated solution through a coffee filter into the electropolisher’s storage tank. 

The saltwater apparently corroded the lobes much faster than the acid solution, judging by 

corrosion current (which was maintained via the voltage and flow rate dials at about 2.5 amperes) 

and rust byproducts. Wavy patterns were occasionally seen after etching, but voltage was not 

increased, since a constant corrosion current was deemed more crucial than a smooth 

electropolished surface. Electropolish time was set to 10 seconds for the first lobe electropolished 

with salt water. Later, electropolish time was set in 30 second intervals. 

Enough material was etched that by the time a single spot had been under the electropolisher a 

total of 270 seconds, a tangible pit had formed in the lobe. Change in lobe diameter between the 

electropolished center of the base circle and the unetched nose was measured with a micrometer for 

several lobes. The etch distance in microns was then computed for the smallest etching time. The 

finding was that 16+2 tm were etched in 30 seconds. 
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Because the cam lobe was only 15.8 mm wide, the largest electropolisher spot size that we 

could use was limited to 15 mm. Incidentally, since the circumference of the lobe was only 

108.3 mm, a 15 mm spot size covered on the average 50° rotation in the circumferential direction. 

Typically, however, there was a bit of translation between etches, so that perhaps only the middle 

7 mm of a spot had been continually etched. 

A constant spot area of 71T x 15° + 4 = 177 mm’, multiplied by an average depth of 16 um, 

works out to an average metal removal rate of 2.8 mm’ per 30 seconds etch time, or about one- 

tenth of a cubic millimeter of steel removed each second. At that rate, we were able to feel the 

saltwater warm up mildly through its conduit. 

3.7 X-Ray Diffraction Peak Width Measurement 

In the process of obtaining x-ray residual stress data, anywhere from three to 25 tilt angles at a 

single Bragg reflection were generated. Rather than examining these spectra only for displacement 

of their central 20 position, we used the TEC instrument’s on-board computed value of full width 

at half maximum peak height (FWHM). Correlations between measurements that had employed 

different incident x-ray intensities were avoided. 

RS/base, the x-ray residual stress database management and analysis program that I 

developed, was modified to average the FWHM values from all tilt angles for a single 

measurement into one value. This practice was questionable, in that the FWHM values showed a 

sin’y dependence similar to that seen in the d-vs.-sin’y plots (the maximum difference between 

FWHM for w=0° and w=45° for an abusively ground lobe was less than 0.5° 26, or four times the 

averaged measurements’ replicate 20 error bar). However, no generally-applicable weighting 

mechanism appeared relevant, and at the same time it was decided that greater confidence would be 

attained by using FWHM information all y-tilts than only from one. It is the averaged value of 

FWHM in terms of 26 that is presented herein. 

3.8 X-Ray Diffraction Retained Austenite Measurement 

Retained austenite measurements with x-ray diffraction were attempted by comparing the 

ferrite diffraction peak at 156° 20 with the austenite peak at 128° 20. Since the induction hardened 

and ground lobe surfaces exhibited little preferred orientation, and had very small grain size, it was 
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not deemed necessary to measure phase intensities at other 26 angles (see Section 2.9, page 26). 

Similar to most other x-ray work discussed herein, the TEC PARS 1610 diffractometer was used 

to obtain the lobes’ spectra. 

As will be discussed in the results portion of this paper (Section 4.6, page 62), experimental 

procedure was questionable, since defined austenitic diffraction peaks were not easily visible 

against the background radiation. In one measurement, where a 3 mm round collimator and 300 sec 

count time were used, the ferrite peak measured 6000 counts, whereas only a small 400 count 

hump was observed to the left of the central channel (26 = 128°) when measuring austenite. 

Background radiation ranged between 300 and 400 counts. 

3.9 Eddy-Current Measurement 

Eddy-currents were measured with a MIZ-40 instrument at three frequencies: 400 kHz, 100 

kHz and 500 kHz. The system was tuned for the 400 kHz measurement, which had a penetration 

depth of about 25 ym. Six points at the ramps, base circle and nose were measured for the eight 

lobes of shaft V-8. A small (2 mm diameter), circular probe was used for all of these 

measurements; it was held lightly against the contact surface of the lobe. 

3.10 Microhardness Measurement 

Initially, while awaiting the arrival of the 16 2.3 L camshafts from Presta, case hardnesses of 

unattached lobes for the 2.5 L engine were measured with a Rockwell hardness tester. This was 

done to verify that the material specification sheets provided by the lobe manufacturer matched the 

actual camshafts received, since case depth was specified therein. Because hardened steel was 

being examined, it was necessary to attach the 120° diamond cone Brale indentor and apply a 150- 

kg major load to the instrument. Hardness values were read off of the C scale; these corresponded 

with specifications for lobe hardness (HRC 55—57). 

Only the unattached lobes were tested; lobes on the assembled camshafts could not be reached 

with the Rockwell tester, since a mounting stand to keep the surface perpendicular to the indentor 

was unavailable. 

Microhardness was a more important test, as it could be used to locate regions of burn after 

grinding, versus examining only case hardness. The Knoop indentor was used, since its narrow 

diagonals created a penetration width of about 10 tm, depending on the local hardness of the 
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material. Grinding burn affects only the first several hundred microns of metal from the surface of 

the lobe, since the inside of the lobe serves to quench the abusively ground region. Thus, after an 

initial survey, microhardness measurements were performed primarily over the first 250 tm of the 

lobes. 

In all cases we first sectioned and polished ground lobes, then measured microhardness in 

increments of 50 um, starting 50 um below the surface. The Knoop test was run on a Leco DM- 

400 hardness tester at Virginia Tech. A 500 g load was chosen, and tests were performed on a 10 

second delay to account for anelastic deformation. 

At the close of this experiment, one 2.3L Kulhanek camshaft (Shaft V-9) remained undamaged 

in its original ground condition (actually, three other shafts had been lapped and were awaiting 

testing at Ford in a SVI camshaft test fixture — see Section 7.1, page 80). This camshaft was 

examined for microstructure and microhardness on each of the eight lobes at three points: nose, 

base circle and ramp. Results from this work were therefore easily related to the other 

characterization results at these points. 

All of the lobes of shaft V-9 were separately sectioned through their contact edge at Ford’s 

Central Laboratories (see Figure 17). 
  

  

      

Figure 17. Sectioned (through the contact edge), mounted and polished 2.3 L Kulhanek lobes from shaft 
V-9., Lobes are arranged in a clockwise fashion, starting with lobe 1 at the top left corner. Lobes 2 and 4 
were damaged near the nose region in sectioning. Contrast differences were an artifact of lighting 
conditions, versus lobe defects. 

Afterward, one of the two halves for each lobe was sectioned in the axial direction into three 

pieces, corresponding to the nose, base circle and ramp (see Figure 18). No information was 

provided on the types of abrasives used in the sectioning processes. 
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Figure 18. Sectioned (longitudinally), mounted and polished 2.3 L Kulhanek lobes from shaft V-9. The 
piece from the nose is at top; ramp is on the left; base circle is on the right. Lobes are arranged in a 

clockwise fashion, starting with lobe 1 at the top left corner. Two mounts were used for lobe 2. 

The lobes were next mounted in a thermosetting polymer similar to bakelite; information was 

not available on the mounting temperature. Setting temperature was a minor concern, since it is 

known that freshly-formed martensite will temper lightly during mounting at 140 °C, but retained 

austenite will not decompose. The lobes were polished with diamond and alumina. Microhardness 

was measured at three points on the lobe: base circle, ramp and nose, at six depths, starting at 50 

um and going down to 250 um in 50 pm increments, with a final measurement at 500 um. This 

worked out to a total of 288 microhardness measurements on shaft V-9. Indents were staggered to 

obtain smooth hardness versus depth curves. 

The lobes were not etched until after the microhardness measurements were complete; 

otherwise, it would have been difficult to accurately measure the indent dimensions. 

3.11 Metallographic Procedure 

Following preparation for microhardness testing, which included sectioning, mounting and 

polishing, as described in Section 3.10, the following experimental procedure was performed: 

e The polished surfaces were etched with a 4% nital, 4% picral solution, mixed 1 to 1. 

Etchant was applied anywhere from 10 to 40 seconds before rinsing and drying. 

e The interior portion of the lobe was examined to verify that it had, in fact, been forged 

(here, we looked for stringers oriented in a particular direction). 

e The grinding affected zone — approximately the first 250 jum nearest to the surface, was 

examined for burn mechanisms and was photographed. 
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4. RESULTS AND ANALYSIS 

4.1 Analysis of Grinding Forces 

The normal grinding forces, as monitored via differential pressure transducers in the Landis 

3L-CNC grinder, illustrate the effect of the decreasing depth of cut with lobe number in Figure 19. 

It is apparent that thermal damage is expected on the lower-numbered lobes that received the larger 

depth of cut. Recalling that the tangential grinding force is directly related to power, and that the 

normal and tangential grinding forces were linearly related to one another in this experiment, 

thermal damage is anticipated along the ramps and in the middle of the base circle. The imbalance 

between the forces in the ramps (the opening ramp, located at 300°, shows larger grinding forces) 

may be a result of lobe geometry dictating that one ramp receives a faster acceleration than the 

other. A second explanation may be that the imbalance was due to more stock being present on one 

side of the lobe. 
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Figure 19. Normal grinding forces, shaft V-9. Thermal damage may be expected where the force, and 
thereby the power, was largest. Note that lobe 8, which received the gentlest grind, still saw normal forces 
on the opening ramp that were comparable to forces seen on the base circle of lobe 2. Accuracy of 

measurement was high: error between similarly ground camshafts, indicated by dotted lines around the 

mean, was 26 = 1.2 lbs. 

The above plot reflects the graded nature of depth of cut in the metal removal passes for the 

lobes. An acid etch of one shaft showed a slight color change for the first several lobes on their 

ramps and base circle, indicating burn. Based upon that etch and Figure 19, detectable grinding 

burn may be said to occur for our particular grinding conditions whenever a normal grinding force 

of 50 Ibs. was reached. These burn indications will be compared with depth residual stress data in 

the Analysis section of this report. 

4.2 Barkhausen Noise Analysis 

Results for representative lobes are shown below in Figure 20. Several observations are noted: 

e The average signal increases with increasing depth of cut. 

e Valleys appear at both ramps. 

e The base circle shows a drop in signal for the lobes with larger depths of cut. 

e It is not possible to draw a line across the RollScan plot and state that burn occurred when 

that line was crossed (see Figure 19 for location of burn with measured grinding forces). 
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Figure 20. Axial RollScan readings. Grinding burn ostensibly is located by valleys, although overall 
voltages are higher for the lobes 1 and 3, which were burned. Replicate error between shafts, indicated by 

dotted lines around the mean, is 20 = 0.085 V. 
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4.3 Surface X-Ray Diffraction Residual Stress Analysis 

A plot of several surface x-ray diffraction residual stress measurements, performed in the axial 

direction, is given in Figure 21. Several points are evident: 

e All measured residual stresses at the surface are compressive. 

e The most gently ground lobes retain the largest compressive stresses. 

e A decrease in residual stress was observed on the ramps and base circle for the lobes with 

larger depths of cut. 

e All lobes (regardless of depth of cut) saw a drop in compressive residual stress on at least 

one ramp. Recall that lobe 1 received the largest depth of cut in an attempt to induce 

grinding burn (see Table 7 on page 37). 
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Figure 21. Surface residual stress measured in the axial direction by x-ray diffraction (nominal, un- 
corrected angular positions). Except for the spikes that appear at either of the ramps, compressive residual 
stress are seen to increase with lobe number, that is, with decreasing depth of cut. Replicate error between 

shafts is 26 = 16.2 ksi. 

Most x-ray residual stress analyses of ground surfaces have been performed in the axial 

direction, since the shear strains present in the circumferential direction lead to large errors in 

residual stresses computed using a simple linear regression fit, similar to the TEC’s software 

routines. However, a multiple regression algorithm was written into the residual stress database 

and analysis system RS/base,'”'”! which then provided the additional component of the stress 

tensor, yielding excellent line fits (the R? correlation averaged to 0.995). This enabled us to plot 

normal stresses measured in both the axial and circumferential directions. The correlation between 

4, Results and Analysis Page 57



A Rapid, Non-Destructive Test to Detect Camshaft Lobe Grinding Burn 

surface x-ray residual stress measurements made in both principal directions is shown in the left 

portion of Figure 22. Three observations are significant here: 

e The shapes of the axial and circumferential curves were consistent. 

e Normal residual stresses in the circumferential direction were lower (less compressive). 

e A large shear stress component O',, was present in the circumferential direction. 

The latter item can be pictured as a result of the kneading action of the grinding wheel in the 

direction of grinding, so that the stress ellipsoid becomes oriented into the material. But observed 

shear stresses were larger in regions of metallographic burn. 
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Figure 22. Left: Surface residual stress measured in the axial and circumferential directions by x-ray 

diffraction. Lobe 4, Shaft V-9. Smooth curves were constructed with cubic splines. Right: Axial surface 

residual stresses (compressive) versus lobe number. Replicate error between shafts, indicated by dotted 
lines around the mean, is 26 = 16.2 ksi. 

The right portion of Figure 22 plots axial surface residual stresses by lobe number and point of 

measurement. Based upon the known locations of subsurface residual stress and the above plot, 

detectable grinding burn may be said to occur for our particular grinding conditions whenever a 

surface residual stress dropped below 45 ksi compressive. 

4.4 X-Ray Diffraction Residual Stress Depth Profile 

Detailed plots for residual stress to depths of 250 um at the ramp and base circle are shown in 

Figure 23. Depth profiles follow predicted grinding damage: the larger the depth of cut (again, 

refer to Table 7 on page 37), the more tensile the subsurface residual stresses. Note that these 
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residual stress values were not corrected for layer removal, due to their rapid attenuation with 

depth, as discussed in Section 3.6, page 48. Highlights are given as follows: 

Large tensile residual stresses were seen subsurface for the lobes ground with large and 

medium depths of cut. 

Peak tensile residual stresses appeared at depths of 15 to 30 jum below the surface. 

Lobes ground with the smallest depth of cut saw no significant subsurface tensile residual 

stresses. 

Starting from lobe 1, there is a steady decrease in the stress gradient. In other words, stress 

gradient increases with depth of cut. 

No significant subsurface tensile residual stresses were measured at the nose and at the 90° 

point between the ramp and base circle (Figure 24), except in the case of lobe 1. Depth 

measurements along the base circle show the clearest trends, since small displacement of the 

electropolished region will still measure similar residual stresses. In the ramp regions, on the other 

hand, the burned region is localized over a relatively small degree range. 
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Figure 23, X-ray residual stress variation with depth. Shaft V-8. (a) Ramp; lobes 2 and 4 are burned, as 
evidenced by large tensile residual stresses. (b) Base circle; again, lobes 2 and 4 are burned. Replicate 

error for surface measurements between shafts is 2o6 = 16.2 ksi, but no replication in depth measurements 
was performed. 
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Figure 24. X-ray residual stress variation with depth. Shaft V-8. (a) 90° location from the nose; lobe 1 is 

burned, as evidenced by large tensile residual stresses. (b) Nose; neither of the two lobes are burned. 

It was previously stated that x-ray diffraction residual stress depth profiling was selected as 

our benchmark indicator of abusive grinding, where burn would be indicated by the presence of 

near surface tensile residual stresses. Figure 25 plots the integral of the residual stress distribution 

with depth in the near-surface region. Except for an anomaly on the ramp of Lobe 3, burn appears 

at the base circle and ramp of lobes 1 through 5. Lobe 6 shows slight burn on the ramp and base 

circle. 
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Figure 25. Integrated residual stress values with depth. Shaft V-8. A 20 error of 16.2 ksi per measurement 

point integrates to an error of 4,050 (relative units) over a depth of 250 im. This has been drawn with the 

dotted line. 
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4.5 X-Ray Diffraction Peak Width Analysis 

Figure 26 shows x-ray peak width for surface x-ray measurements; burned regions in the 

Kulhanek lobes appear as valleys, where peaks are narrow. Since peak width is not so affected by 

the free surface as x-ray residual stress analysis, burn is evident from a surface measurement. 
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Figure 26. Surface x-ray peak width response versus lobe location for shaft V-9. Valleys correspond to 
burned regions. (a) Lobes 1 and 3 appear to be burned on their ramps and base circles. (b) Lobes 6 and 8 
show slight burn on their ramps. Replicate error between camshafts is 26 = 0.12° 26. 

As shown in Figure 27, depth analysis reveals that peaks broaden as the stress gradient goes 

from tensile to compressive. At depths below 150 um, the peak width in burned regions matches 

that of the unburned regions. Thus, this technique confirmed what the depth x-ray diffraction 

residual stress measurements predicted; namely, that metallurgical burn extends about 150 pm 

below the surface. 
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Figure 27, X-ray peak width response versus depth for two lobes. Thermal damage is seen to gradually 
decay (that is, peak width increases) to a depth of several hundred microns, where peak width matches 
that of an unburned surface. Note that this nondestructive technique reveals burn even at the lobe surface. 
Replicate error between shafts, indicated by dotted lines around the mean, is 26 = 0.12° 20. 

The right portion of Figure 27 plots surface peak width by lobe number and point of 

measurement. Based upon the known locations of subsurface residual stress and the above plot, 

detectable grinding burn may be said to occur for our particular grinding conditions whenever a 

surface peak width dropped below 5.0°. 

4.6 X-Ray Diffraction Retained Austenite Analysis 

As was shown in Table 8 on page 44, there are only three ferrite and three austenite peaks 

available when irradiating steel with chromium radiation (copper radiation would provide more 

diffracting planes, but x-ray fluorescence becomes a problem). The smallest angle peak of ferrite 

(martensite) is found at 26 = 69°; austenite’s smallest angle peak occurs at 26 = 66°. These peaks 

are too close together for separate measurement of their integrated intensity. That leaves only two 

pair of distinct peaks able to be examined. 

We chose the largest diffraction peak in ferrite and in austenite in terms of 26 to minimize 

optics errors. Accordingly, the integrated intensity from the (211) BCC reflection was compared 

with the integrated intensity of the (220) FCC reflection. The TEC instrument’s data acquisition 

software performed automatic correction for the difference in intensity caused by varying 

multiplicity, Lorentz polarization, etc. 

Both the (200) ferrite and (200) austenite peaks were not examined, because neither large grain 

size nor preferred orientation were an issue in the induction hardened and ground cam lobe surface. 

This may have been short sighted. Cullity recommends obtaining and comparing several pair of 

diffraction peaks to arrive at an independent value of the austenite content.'”” 

When performing the x-ray data acquisition, the austenite peak appeared as a very small hump 

to the left of the central channel of the position sensitive proportional counter output, with peak 

channel intensity about 1/50th of the intensity of the ferrite peak. In order to observe whether count 

time affected measurements, count times were increased from 180 to 3600 seconds. An analysis of 

the variance between peaks was performed, with the following results: 
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e Differences in retained austenite content between the two lobes was significant, with 

unsplined lobe 3-U showing almost twice the level of retained austenite (seven percent 

versus three percent). 

e Variation between measured retained austenite in individual lobes was not statistically 

significant (26 = 4.37 percent). 

e As long as several hundred counts are observed for the weakest peak, variations in count 

time did not appear to significantly affect the results. 

When measuring retained austenite in the ground Kulhanek camshafts, considerable scatter 

was observed, as is depicted in Figure 28, with no clear demarcation between burned and unburned 

regions. Replicate error in these measurements is 26 = 7.46 percent. On the average, an increased 

amount of retained austenite was measured in the burned lobes. However, this is inconsistent with 

the temper burn elsewhere observed; since temperatures were necessarily below eutectoid in order 

to cause temper burn, we would expect retained austenite content to decrease in temper burned 

regions (the lattice receives thermal energy to permit the retained austenite to martensite 

transformation, but grinding temperatures are not high enough to cause the formation of new 

austenite). 
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Figure 28. Surface x-ray diffraction retained austenite versus angular position for two ground lobes on 

shaft V-9. The angular data points do not indicate any clear difference between the two lobes. Replicate 

error is 26 = 7.5 percent. 
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In all measurements, the austenite diffraction peaks were nearly indistinguishable. Therefore, 

we postulate that the apparent increase in retained austenite for the temper burned lobes was a 

result of a decrease in intensity of the ferrite peaks. That is, overtempering decreases peak width 

and integrated intensity; for a fixed-width austenite peak, a decrease in the ferrite peak would cause 

an increase in the calculated amount of retained austenite. This would lead to repeatable, yet 

incorrect results. 

4.7 Eddy-Current Analysis 

The lines shown in Figure 29 depict eddy current measurements that increase with lobe 

number, especially when focusing on the base circle. However, the sensitivity of the measurements 

is inadequate; lobes 1 and 8 show similar readings on the base circle, even though lobe 1 was 

clearly burned and lobe 8 was unburned. Also, measurements made at the nose were imprecise, 

with low readings (indicating burn) showing for lobes 3 and 4, when the nose region never burned. 
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Figure 29. Eddy current measurements versus lobe number, taken at the nose and the base circle. At first 

glance, the base circle measurements indicate that burn is given by a larger signal. However, the nose 

measurements should have been consistent for all of the lobes, since the nose regions of all of the lobes 
were not burnt. Replicate error is 0.44 in terms of twice the standard deviation. 

4.8 Microhardness Analysis 

Finally, subsurface Knoop microhardness measurements were made after sectioning and 

polishing two lobes from Shaft V-5. In comparison to the x-ray data and the results of Landis' 

force monitoring software, these contained quite a bit of scatter, but showed a drop in hardness for 
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lobe 2 (large depth of cut) at the ramps from HRC 59 to HRC 53, as shown in Figure 30. 

Hardness at the base circle converted to an HRC 56, which indicated slight softening. 
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Figure 30. Knoop microhardness versus depth in microns for several locations on lobe 2. Readings have 
been converted to Rockwell C measurements for steel. Tempering burn occurred at the ramps and base 

circle, as indicated by drop a in hardness below the target range of HRC 57 to HRC 60. The effects of burn 
are most severe nearest to the surface. 

An analysis of variance was performed on the microhardness measurement matrix, with the 

following results: 

There was a Statistically significant difference (95 percent confidence level) in 

microhardness measurements integrated around the lobe circumference with depth. 

There was a Statistically significant difference in microhardness measurements with degree 

location around the lobe. 

When converted to Rockwell C hardness values, we see hardening burn on the ramps 

(HRC 64) and temper burn on the base circle (HRC 52). 

The nose region showed an HRC 58 equivalent hardness — acceptable grinding hardness. 

Hardness values on the average increase with depth, starting 100 um subsurface. 
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Figure 31. Two photographs of Knoop hardness indentations (180X). In each plat, 

  

  

        

indentations are 50 um apart. Left: Lobe 1, ramp location, unetched. Right: Lobe 3, ramp location, 

after etching with 4% nital, 4% picral solution. Note the darkened region extending 20 um from the 

surface. 
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». DISCUSSION 

Microhardness measurements verified a softening in the first 100 tm from the surface at the 

ramp and base circle. Thus, we may state that grinding burn, in this experiment, caused the 

formation of overtempered martensite (that is, the carbide grains coarsened in the regions that 

received the most heat). Temperatures were insufficient for the phase transformation to austenite. 

What temperatures were reached? The lobes were locally heated and cooled near the surface. 

In the absence of a phase transformation, the area last to cool will experience a tensile residual 

stress. For thermal expansion in steel, we get a stress of 0.4 ksi per degree Celsius difference in 

temperature between two regions.4 Thus, thermal expansion alone can give us a 200 ksi change in 

residual stress for a 500°C temperature difference. From this simple analysis, peak temperatures in 

the ramps of the most severely ground lobes would have approached 500°C. See Figure 32. 

Grinding burn is not observed to occur for estimated temperatures below 250°C. 

  

1 This is calculated as the product of Young’s modulus and the linear coefficient of thermal expansion; 
i.c., 196,000 MPa x 12.5x10° °C" = 2.5 MPa /°C (0.4 ksi /°C). 
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Figure 32. Estimated maximum grinding temperatures along the base circle. These were derived from the 
level of residual stress found at a depth of 15 to 20 um into each lobe (typically the region of maximum 

subsurface tensile residual stress). 

It is interesting to note from the above plot that thermal damage did not appear along the base 

circle for lobes that received depths of cut smaller than 0.06 millimeters (lobes 6 through 8). 

All tests showed a gradation in response between the lobes. This matches the gradation in 

depth of cut; grinding burn was not an on/off event, but really reflected different levels of 

metallurgical transformation in the lobes. As implied previously, if an NDE method is to be used 

with set tolerance limits, automobile manufacturers will have to decide what level of thermal 

damage is acceptable in ground lobes. 

Barkhausen noise should increase with increasingly tensile residual stresses and with a 

softening of the metal. Since the ramps and base circle show the largest subsurface tensile residual 

stresses, as well as the smallest surface compressive residual stresses, almost opposite behavior 

from what was shown in Figure 20 (page 56) would be anticipated. The apparent paradox could be 

due to a hardening of the metal in the burned regions, which would cause BNA to drop. But this 

goes counter to our microhardness measurements. 

We can postulate two reasons for seeing compressive surface x-ray residual stresses in burned 

regions, with a sharp burn gradient showing up as close as 5 um below the surface: (1) The surface 

cools more rapidly than the subsurface layer, due to the effect of the coolant, and (2) the final 

spark-out passes cold-worked the first few microns of the metal. 

X-ray residual stress measurements with depth were more uniform on the base circle. This was 

to be expected: the base circle showed a much larger region (in terms of angular location around 
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the lobe) than the ramps. When etching the surface, a small displacement of the etch hole would 

have had little effect on the residual stress field in the base circle, but would show differences in the 

sharply varying stress field in the vicinity of the ramps. Thus, when Figure 25 (page 60) showed no 

significant subsurface residual stress on lobe 3's ramp, it was because the measurement had shifted 

off of the ramp toward the base circle. 

Our primary indication of burn was from the x-ray diffraction residual stress measurements 

with depth. As shown, these indicated that the ramps and base circle were burned on the lobes that 

received the larger depths of cut. In this regard, regions of subsurface tensile residual stress 

matched regions of reduced compressive residual stress at the surface. Surface residual stress 

analysis, in this experiment, accurately predicted burn. 

The entire residual stress tensor, as calculated from x-ray diffraction measurements, shows a 

decay in residual stress values with depth in the principal directions. The stress tensor for the base 

circle of lobe 2, which was burned, is shown in Table 10. Here, o,, corresponds to residual stress 

in the circumferential direction, and 6,, corresponds to residual stress in the axial direction. 

Stresses are given in units of ksi, with error derived at +7.5 ksi. As noted, residual stresses are 

larger in the axial direction, while a significant shear component is found at all depths in the 

circumferential direction. The 633 stress tensor that is normal to the surface is uniformly 

compressive and decays with depth. Similar behavior was observed for triaxial residual stress 

measurements made on the ramp, except that tensile residual stresses were larger in the axial and 

circumferential directions, and compressive stresses were slightly smaller in the direction normal to 

the surface. 

Table 10. Triaxial Residual Stress Tensor (ksi) with Depth, Lobe 2, 180° 

  

                      

    

Surface 16 pm 32 um 48 um 

“52 -2 -12 78 1° -2 59 11 9 35 12 12 
711 132 -1 114 -1 60 -4 

-42 -33 -32 -36 

64 wm 80 um 112 um Notation 

25 3 5 18 1 10 15 -3 6 O11, 12 A13 
47 -2 37 2 8 1 Ox O73 

-32 -25 -23 O33                       
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It is understood that cam lobe design relies significantly on the material's compressive yield 

strength. Without modeling the Hertzian stresses on the lobes in service, it is difficult to evaluate 

the effect of the subsurface tensile residual stresses in the burned regions. However, it should be 

noted that these tensile stresses exist parallel to the surface, rather than normal to it, as is shown 

above. An applied compressive contact load would be expected to cause subsurface tensile stresses 

parallel to the surface. Thus, for a contact stress of 250 ksi, we might expect in the perfectly elastic 

case subsurface tensile stresses parallel to the surface of 70 ksi (due to the Poisson expansion). 

Coupled with tensile residual stresses approaching 200 ksi, subsurface tensile cracking becomes 

likely. Accelerated life testing in the SVI camshaft test fixture should give us a better picture of 

failure modes as a function of residual stress state. 

Figure 33 shows the comparison of the various NDE techniques with x-ray diffraction depth 

residual stress measurements. The independent axis actually is a measure of the area under the 

depth residual stress curve (Figure 23b, page 59). Thus, if burn is defined as a positive net area 

(tensile residual stress value) under the plot of residual stress with depth, an intercept value can be 

selected for each NDE technique where burn might first be expected to occur. Thus, considering 

only this small data set, burn could be expected whenever any of the following are measured: 

e Normal grinding forces exceed 39.6 + 0.9 pounds. 

e Compressive surface residual stresses become smaller than 53.7 + 5.5 ksi. 

e RollScan values drop below 0.72 + 0.04 Volts. 

e X-ray peak width drops below 5.1 + 0.1° 26. 

It is evident from the linear fits in Figure 33 that the four NDE techniques did not equally 

correspond with the depth residual stress results. In fact, in terms of regression fits, agreement with 

the depth residual stress values went as follows: 

Normal Grinding Forces > X-ray Peak Width > Surface Residual Stress > RollScan 

with grinding forces showing the strongest correlation. Thus, we see similar performance to the 

previously shown plots of the NDE techniques, which pulled from larger data sets, where lines 

were drawn with 20 error bars to detect burn. The two techniques that most consistently detect 

burn according to our benchmark are grinding forces and x-ray peak width. 
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Figure 33. The comparison of integrated depth residual stress measurements and the four main NDE 

grinding burn characterization techniques taken on the base circle of all eight lobes of Shaft V-8. Note 
that measured grinding forces correlate most closely with the benchmark depth residual stress technique, 

while RollScan shows the least correlation. 

Table 11 provides a binary (burn / no burn) comparison of the various non-destructive 

techniques toward detecting grinding burn. In essence, a line was drawn across the plot of each 

characterization technique, along with their 20 error bars; if the result was outside the 2o region, 

burn was or was not assumed to have been detected. “Burn” indicates that the NDE technique 

detected abusive grinding, “OK” means that the region measured looked acceptable by the 

particular NDE technique, and “Line” indicates that the data fell on a 20 error bar. No response is 

listed if the particular measurement was not taken. Indeterminate values are shaded. Since burn is 

less and less significant as we proceed down the chart, a variance at the bottom of the chart should 

have less weight than one towards the top. 
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Table 11. Comparison of Primary Characterization Techniques 

  

  

    

    

   
   

   
   

                      

    

    

      

    

  

    

    

    

    

Depth Grinding Surface Peak 

Measurement Location XRDRS Force RollS XRDRS Width 

Lobe 1 Nose Ok & OK OK 
Base Circle Bum Bum OK Bum Bum 

Ramp Bum Bum Bum Bum 

Lobe 2 Nose OK OK OK 

Base Circle Bum Bum Bum Bum 

Ramp Bum Bum Bum 

Lobe 3 Nose OK OK 

Base Circle Bum Bum 

Ramp Burn Bum 

Lobe 4 Nose OK OK 

Base Circle Bum 

Ramp Burn Burn 

Lobe 5 Nose OK OK 

Base Circle Bum OK 

Ramp Bum Bum 

Lobe6 Nose OK OK 

Base Circle OK OK 

Ramp Burn Burn 

Lobe7 Nose OK 

Base Circle 

Ramp 

Lobe 8 Nose 

Base Circle 

Ramp       

  

= datum within two standard deviations of the burn limit line. 

The x-ray diffraction line broadening technique has potential for rapid camshaft 

characterization. First, a more penetrating source of radiation could be used, such as from a 

molybdenum tube. A large 26 angle still would be necessary, since changes in local strain cause 

greater peak shifts at larger backscatter angles. Use of molybdenum radiation at a 20 = 136° angle 

would permit a reflection peak from the strong (321) peak in SAE 52100; penetration depth would 

be 16 pm. An instrument containing a separate x-ray tube and position sensitive detector for each 

lobe would be able to examine all lobes of a single camshaft at once. The detector would have to be 

mechanically coupled to the tube at a fixed 26 range, and each tube would ride on the rotating lobe 

supported by an extended collimator (so that correct focusing distances were maintained). With 

entire peak acquisition times of 0.3 seconds for steel for the latest generation of portable x-ray 
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diffraction equipment, automated line broadening characterization could be performed at 24 ranges 

(every 15° surface rotation) on a continuously rotating camshaft in 7.2 seconds. Additional cycle 

time would permit a finer sampling range. 
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6. COMPARISON WITH PRODUCTION CAMS 

Although not part of the project plan for our experiments, various 2.5 L Cleveland shafts and 

lobes were provided by Ford, as was shown in Table 1 on page 8. Recall that the 2.5 L camshafts 

also are assembled by Presta in Liechtenstein (page 6). Since the 2.3 L Kulhanek test camshafts 

were patterned after the production 2.5 L shafts, using the same material, it was assumed 

throughout this experiment that the metallurgy of the cam lobes on the different shafts was the 

same. Since these parts were designed for actual use in production engines, they provided a 

benchmark against which to compare our abusively ground Kulhanek camshafts. 

6.1 Unassembled Lobes 

There were three objectives to the residual stress characterization of the unattached cam lobes: 

(1) Determine the affect of camshaft assembly by the change in residual stress from the 

unassembled state, (2) Observe the changing diffraction peaks in SAE 52100 when going from the 

inner region of the lobe to the case hardened region, and (3) Measure the unstressed lattice spacing. 

The surfaces of the unassembled Cleveland lobes were stress free (3.0 + 3.7 ksi). When 

examining the sides of the lobes, so that the region of the lobe near the bore could be examined 

without layer removal, x-ray diffraction peaks narrowed by as much as 20 percent of their peak 

width, and a K,, peak split became evident, indicating that the x-rays were examining an annealed 

section of the lobe. It should be noted that while the rolling faces of the unattached lobes were 

almost stress free, the sides of the lobes consistently showed compressive residual stress. These 

residual stress values tended to be slightly more compressive (-22 + 5 ksi) in the annealed region, 

though an analysis of variance indicated that any difference in stress state was insignificant. No 

further work was done in this area. 

In order to perform triaxial residual stress measurements, effort was put into determining the 

unstressed (211) lattice spacing of the lobes in the case region. Starting with the unattached lobes 

that appeared stress free from initial residual stress measurements, additional x-ray diffraction 
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measurements were taken at the stress free point. Each diffraction measurement typically involved 

26 separate sample tilts. 

In theory, the unstressed lattice spacing could then be located as the intercept of the horizontal 

slope drawn through these points. In reality, a slight curvature inevitably appeared, indicating the 

presence of tensile or compressive residual stresses. Note also that a tremendous amount of scatter 

is present over a range of 10 Angstroms. Since we attempted to measure spacings to one-hundred 

thousandth of an atomic diameter by locating the center of broad diffraction peaks, noise from 

atomic vibrations, microstrain, detector electronics, etc. obstructed the resolution. 

6.2 Assembled, Unground Camshafts 

We next examined three unground Cleveland camshafts that were marked as being assembled 

with low, medium and high push-on forces at Presta. Actual assembly forces were not provided. 

Residual stress measurements were performed at six lobe locations. Figure 34 depicts these 

residual stresses as a function of measurement location. It is evident from this curve that all surface 

residual stresses were tensile following mechanical assembly. Further, the largest residual stresses 

occurred along the base circle, as might be expected — the deformation in mechanical assembly is 

felt most severely in the region of minimum cross sectional area. An analysis of variance (not 

shown) indicated that the difference in residual stresses according to lobe location was significant 

at the 95 percent confidence level, while differences in residual stresses between the different lobes 

measured were not statistically significant. 
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Figure 34. Surface residual stress profile on unground Cleveland cam lobes. Average statistical error in 

residual stress regression was +6.6 ksi, while the previously reported 20 error was 16.2 ksi for 

repeatability of stress measurements on ground lobes. Compare with Figure 21 (page 57) for the test 

ground Kulhanek camshafts. 
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X-ray residual stress measurements of the unground camshafts showed curve splitting, 

indicating the creation of small shear stresses during the mechanical assembly process, similar to 

that observed in the Kulhanek camshafts. 

6.3 Ground Camshafts 

Of the two ground Cleveland camshafts that we received, one had been acid etched, which we 

deemed destructive. Therefore, all measurements were made on the remaining, unetched camshaft. 

Based on our abusive grinding criteria, i.¢., the absence of tensile residual stress in the near surface 

region, a depth analysis of two lobes at predicted burn locations indicates that the Cleveland 

camshafts were not burned during grinding (Figure 35). 
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Figure 35. X-ray residual stress profile with depth for two point locations on different Cleveland lobes. 
Compare with the near-surface residual stress states of the test-ground Kulhanek camshafts (Figure 23 

and Figure 24, page 59). Residual stress values have 26+9.8 ksi. 

RollScan measurements were made in both the axial and circumferential directions. As is 

apparent from Figure 36, the axial measurements showed consistent readings from lobe to lobe, 

while the circumferential direction measurements varied considerably. Based on surface x-ray 

residual stress analysis and peak broadening at six points per lobe, we believe that variation in 

quality of grind was consistent around the circumference of the lobe. Therefore, the circumferential 

RollScan test was shown to be inaccurate due to the probe-lobe contact geometry. On the other 

hand, axial RollScan measurements correlated well with the lack of variation anticipated in these 

lobes. 
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Figure 36. RollScan response for the ground Cleveland camshaft. (a) Axial direction. BNA response is 

seen to be consistent for each of the ground lobes, with a replicate error of 26+ 0.048 V. The voltage 

increase near the nose is most likely due to the cam’s curvature, versus inherent microstructural effects. 

(b) Circumferential direction. There is much more scatter among the data, probably due to the contact 

between the circumferential probe and the lobes during rotation. Replicate error is an order of magnitude 

higher at 26+0.66 V. Compare with RollScan response for Kulhanek camshaft (Figure 20, page 56). 

A total of 16 x-ray residual stress measurements were made on the surface of the camshaft, at 

regression also are shown therein. 

Table 12. Surface XRDRS Matrix for Ground Cleveland Shaft 

  

  

  

Lobe Lobe Diffractometer Biaxial 

Number Location Orientation Stress 

5 Base circle Axial (9=90°) -70.9 

5 Base circle (g=45°) -34.6 

5 Base circle Circum (g=0°) -57.3 

5 Ramp Axial (9=90°) -77.0 

4 Base circle Axial (0=90°) -60.0 

4 Base circle (g=45°) -30.9 

4 Base circle Circum (o=0°) -53.7 

4 Ramp Axial (¢=90°) -74,2 

3 Base circle Axial (o=90°) -70.9 

3 Base circle (g=45°) -35.6 

3 Base circle Circum (o=0°) -53.3 

3 Ramp Axial (9=90°) -77.3 

2 Base circle Axial (¢=90°) -67.8 

2 Base circle (g=45°) -34.3 

2 Base circle Circum (o=0°) -55.6 

2 Ramp Axial (¢=90°) -82.6     

6. Comparison with Production Cams 

the directions and orientations shown in Table 12. Stress values as computed under simple linear 
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The residual stress measurements for each group (e.g., measurements on the ramp in the axial 

direction) were quite consistent, with a 20 replicate error of +6.4 ksi. See Figure 37a. Therefore, 

an examination of diffraction results for one lobe at a variety of orientations should be similar to 

any other lobe at similar orientations for these camshafts. 

Again, while x-ray diffraction sample tilts in the axial direction yielded linear d-vs.-sin2y 

plots, readings in the other directions (6 = 45° and @ = 0°) showed y splitting. This indicates a 

certain amount of residual shear stress present at the surface of the lobe, which can be pictured as 

a slight shift in the orientation of the principal stresses. To ascertain the extent of the shear 

stresses, the entire stress tensor was calculated for each of the lobes on the base circle using a 

multiple linear regression model. Results are presented below in Table 13. The o,, tensor 

corresponds to the circumferential direction, while o,, corresponds to the axial direction. 

Table 13. Triaxial Stress Tensor at Base Circle, Cleveland Shafts 

Lobe 2 Lobe 3 Lobe 4 Lobe 5 

42 -4 1141 [40 -1 9 [29 -8 8 [-37 -4 9 
75 1 72 1 58 1 73. 2 

-7 -3 2 -2           

Several observations may be derived from the surface x-ray diffraction residual stress 

measurements: 

e For the single shaft examined, grinding appeared to be quite consistent; residual stresses 

were compressive at both the base circle and the ramp. 

e Residual stresses were most compressive in the axial direction, and specifically at the 

location of the ramp. Larger stresses at the ramp fall within experimental error. The larger 

stress values in the axial direction confirm what has been previously described in the open 

literature. 

e X-ray diffraction measurements in the other directions (6 = 45° and 6 = 0°) showed a 

shear split, but the full stress tensor revealed minor shear stresses. The most significant 

shear stress was ,3 (or ,,) at about 9 ksi. This indicates that the second principal stress 
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tensor is slightly shifted below the circumferential direction into the workpiece. 

Nevertheless, measurement error is of the order of the observed shear stresses. 

Peak broadening (Figure 37b) was measured in the form of full-width at half maximum peak 

height. Similar to surface residual stress, these showed remarkable consistency at points all around 

the lobe when compared with the test Kulhanek camshafts. Furthermore, lobe to lobe variation was 

insignificant (20 error of +0.12°). 
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Figure 37. (a) Surface x-ray residual stress measurements taken on the base circle of the Cleveland shaft. 

Compare with results for the Kulhanek camshafts. 26 error, if all measurements are considered replicates, 

is +6.4 ksi. (b) X-ray peak width measurements at the same locations, 26+0.12°. 
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7. PROPOSED WORK 

Phase II of the NSF camshaft grinding project, which incorporates thermal and stress modeling 

during grinding, as well as stress/fatigue modeling in service, is scheduled to begin January 1994, 

with a duration of 21 months. 

Although several techniques successfully detected abusive grinding, as described in Section 4 

(page 55), grinding burn may be best identified in terms of engineering design by performance of 

the ground camshafts in a simulated engine environment. It is an objective of the NSF project to 

correlate camshaft fatigue life with the positive net area under the residual stress versus depth 

curve in the near-surface region. This will be accomplished in the initial portion of the Phase II 

work. The specific preliminary tasks required include: 

e Accelerated lifetime testing 

e Service stress and fatigue life modeling 

e Phase II design of experiment. 

e Preliminary design of VPI camshaft test fixture 

7.1 Accelerated Lifetime Testing 

Three of the 2.3L Kulhanek camshafts (Shafts V-11, V-13 and V-15, as shown in Appendix 

A), which were lapped with coated abrasives after grinding, should be tested to the equivalent of 

100,000 miles. Some variability of the SVI test, as well as the ground state of the shafts, will be 

measured by the use of these three replicates. Test conditions are given as follows: 

e A 0.7 inch diameter roller follower will be used. 

e Springs in the SVI will be set for a maximum static contact stress of 205 ksi, comparable 

to current Ford practice. 
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Each camshaft test will be monitored during its first eight hours for lobe cracking. If any 

cracking occurs, the lobe will be unloaded, and then the test will be continued for the 

remaining lobes. 

Lobe 7 will not be loaded for the Shaft V-11, the first camshaft tested. Similarly, lobe 4 

will not be loaded for the Shaft V-13, and lobe 1 will not be loaded for Shaft V-15. 

Following SVI testing, the uncracked lobes will be examined nondestructively for cracks 

(using liquid dye penetrant, magnetic particle inspection, or other available means at the 

Central Laboratory). 

Cracked lobes, if present, will be examined for mode of failure. No specific test procedure 

for this has yet been selected. 

The SVI-tested shafts will then be returned to Virginia Tech for further characterization, 

possibly including: 

Surface roughness/profile measurement. 

X-ray diffraction residual stress measurement with depth on the unloaded lobes, to 

determine the effect of lapping on the residual stress gradients. 

X-ray diffraction residual stress measurement with depth on a selection of the uncracked 

lobes, to determine the effect of service history on the residual stress gradients. 

7.2 Service Stress and Fatigue Life Modeling 

Team members will attempt to predict how the lobes will perform in service, combining an 

analysis of loading conditions with the subsurface residual stress data presented in Section 4.4 

(page 58) of this report. All tasks listed below are to be performed at Virginia Tech. 

Analyze camshaft geometry. 

Determine dynamic properties of the valve-train, including effective sprint constant, 

dynamic mass, etc. 

Determine applied forces on the cam, based on dynamic properties, changes in speed, 

eccentricity of the cam follower, etc. 

Determine the contact pressure on the cam, including its distribution, by Hertzian theory. 

Compute principal stresses in the cam on the surface and in depth. 

Characterize the stress field in the cam during operation, adding known residual stresses. 
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Determine fatigue life of the cam, using the above and fatigue properties of SAE 52100. 

The results of this model will then be compared with actual accelerated service testing data 

to determine its effectiveness. Refinement and further modeling will take place during 

Phase II of this project. 

7.3 Phase Il Design of Experiment 

Researchers at Virginia Tech and UCLA will, in conjunction with staff at Ford, GE 

Superabrasives, Litton Automotive Services and American Stress Technologies, develop a design 

of experiment for the Phase II research. The experimentation portion of this project will seek to test 

the various analytical and finite element models being developed. This will involve a two pronged 

approach: 

Verify the Hertzian stress models through SVI testing of characteristically ground cam 

lobes. Since the Phase I experiment was successful in finding nondestructive methods of 

detecting burn, researchers may now focus on the performance of cam lobes ground under 

conditions that resemble those of Ford’s manufacturing plants. It appears that grinding 

burn often is a result of abrasive wheel wear. Therefore, if lobes were ground at four wheel 

conditions (ranging from sharp to dull) using two grinding wheels (CBN and Al,O3), the 

performance of realistically-prepared camshafts could be modeled. Further, the 

Barkhausen noise technique could be re-examined under conditions favorable to what it 

would see on the factory floor. The total number of ground camshafts needed for this 

experiment would be computed as follows: 4 grinding wheel conditions x 2 

replicates/shaft + 8 lobes X 2 shaft replicates < 2 grinding wheels < 5 different loading 

schemes in the SVI = 20 camshafts. At least another 20 shafts will be consumed while 

setting up grinding. 

A separate experiment developed by Bill Cooper at UCLA entitled “Novel Coordinated 

Testing Methodology” will evaluate which grinding parameters (e.g., coolant pressure, 

coolant type, workpiece speed, etc.) contribute significantly to the lobe’s residual stress 

state. Instead of cam lobes, radii and accelerations will be simulated through grinding 

different radii rounds, as well as a single flat workpiece (to model response at the ramp). 

The departure from one single cam profile permits a more widespread application of 
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experimental results. The objective will be to confirm theoretical measurements of grinding 

temperature, while providing the basis for determining an optimal grinding protocol as a 

function of cam material and profile. 

7.4 Preliminary Design of VP! Camshaft Test Fixture 

It is evident from the first bulleted item in Section 7.3 that SVI testing will play a role in 

camshaft testing that is every bit as crucial as the role of x-ray diffraction residual stress depth 

measurements during the Phase I project. Although several months’ work already has gone into 

repair and instrumentation of the camshaft test fixture at VPI,8§ team members will develop a 

proposal and cost estimate for converting Tech’s to test the camshafts used in the Phase II study. 

  

§§ Intermet Foundry, with approval from Pontiac, has loaned Virginia Tech a similar camshaft test fixture 
to that used at Ford, except that the machine at Virginia Tech was set up to work with Pontiac heads. 
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8. CONCLUSIONS 

After deliberately, abusively grinding eight lobes on 15 camshafts, with each lobe receiving a 

greater depth of cut, grinding burn was determined destructively with two proven techniques: 

1. Residual stress measurements made with depth were used to define burn, which appeared 

as highly tensile regions (50 to 200 ksi) 20 microns below the surface, attenuating to a 

stress-free state at 150 to 200 microns below the surface. This technique is destructive to 

the lobes and is time consuming, as it involves measuring as much as 40 x-ray diffraction 

peaks per point examined. 

2. Knoop microhardness readings, converted to HRC values, showed that grinding burn 

tended to soften the lobes in the vicinity of their ramps (hardness dropped from HRC 60 to 

HRC 56 in the burned regions). 

Burning, as defined by the presence of tensile and/or reduced compressive stresses, is not a 

go/no go effect; it varies with forces and amount of metal removed, and is defined by the amount of 

thermal damage that a part can accept. Thus, a problem to be resolved is the degree of burning 

which is acceptable — this must be determined in terms of the impact of surface residual stress on 

service life tests in the SVI camshaft test fixture. 

Non-destructive test correlation with grinding burn was as follows: 

e The Landis grinding force transducers identified the amount of energy going into the 

grinding operation. Where forces increased beyond a certain threshold, burn occurred. Correlation 

with the above-described burn criteria was excellent. However, it was noted that grinding forces 

cannot be compared between different grinding wheels. 

e X-ray diffraction peak broadening proved to be a surprisingly effective non-destructive   

examination technique. This measures microstrain in the lobe surface, and is more independent of 

the free surface effects than the related macro residual stress technique. The technique was 

8. Conclusions Page 84



A Rapid, Non-Destructive Test to Detect Camshaft Lobe Grinding Burn 

effective here only because the lobes are hardened before grinding, so that thermal softening due to 

burn serves to relax that microstrain, causing a marked decrease in x-ray diffraction peak width. 

e Surface x-ray diffraction residual stress measurements showed compressive residual 

stresses around the circumference of each lobe. However, the calculated compressive stresses 

dropped from -60 ksi in the unburned regions to around -20 ksi in the burned regions. So even 

though the large subsurface tensile residual stress gradients due to burn were masked at the 

surface, burn still was evident by the decrease in compressive stress. 

e The RollScan unit, which measures Barkhausen noise response around the circumference 

of the lobes, did not consistently detect burn. Surprisingly, lower readings were observed in the 

apparently burned regions of the lobes. Background noise may have been due to the differential 

pressures applied to the RollScan pickup during camshaft rotation. 

e The remaining NDE techniques, x-ray diffraction retained austenite and eddy-current, both 

did not overcome the background noise or variability in the measurement technique to successfully 

detect burn. However, less effort was put into their implementation, so that neither technique 

should be dismissed outright as a failure in burn detection. 

Measurements of x-ray residual stress and x-ray line broadening both appear to correlate with 

measured grinding forces. Strong subsurface tensile residual stresses are developed with depths of 

cut greater than 0.04 mm per pass for the combination of grinding wheel and coolant used in this 

experiment. There is no direct correlation between BNA and x-ray results; the effects of the stress 

gradients appear to make the relationship quite complex. 

Finally, it should be noted that the grinding conditions implemented on the Kulhanek camshafts 

were deliberately abusive, in order to assure burn and degraded service life. The Barkhausen noise 

technique, when measured in the axial direction, showed a better correlation with x-ray residual 

stress data for the Cleveland camshafts, which received a gentler production grind. 
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APPENDIX B 
2.3 L Cam Lobe Lift Specifications (VT-43C) 

Opening Ramp Closing Ramp 

Degrees _Lift Degrees __Lift Degrees Lift Degrees _Lift 
0 6.096000 43 1.866849 0 6.096000 43 2.055089 
1 6.092495 44 1.701775 1 6.094451 44 1.909394 
2 6.084443 45 1.545438 2 6.087516 45 1.769008 

3 6.071768 46 1,396289 3 6.076620 46 1.634185 
4 6.053785 47 1.255319 4 6.060770 47 1.505560 

5 6.031535 48 1.122832 5 6040476 48 1.383132 
6 6.004433 49 0.998525 6 6.015482 49 1.26657 1 

7 5972581 50 0.882802 7 5985612 50 1.155852 
8 5.936412 51 0.775284 8 5.951195 51 1.051281 

9 5.895162 52 0.676681 9 5912104 52 0.952068 
10 5.849264 53 0.586664 10 5.868010 53 0.858596 
11 5.798464 54 0.503809 11 5.819064 54 0.770788 
12 5743575 55 0.428676 12 5.766130 55 0.688289 
13 5.683326 56 0.360731 13. 5.707939 56 0.611378 
14 5618582 57 0.279491 14 5.644896 57 0.539953 
15 5.548859 58 0.244424 15 5.577154 58 ~— 0.474751 
16 5.474665 59 0.195885 16 5.504967 59 0.414579 

17 5.395722 60 0.152730 17 5.427904 60 0.360858 

18 5.312105 61 0.114808 18 5.345684 61 0.312572 

19 5.223713 62 0.083718 19 5.259807 62 0.269367 

20 5.130597 63 0.05890 20 5.168595 63 0.231826 
21 5.032959 64 0.03980 21 5.073066 64 0.199365 
22 4.930445 65 0.02601 22 4.972990 65 0.171475 

23 4.823155 66 0.01643 23 4868088 66 0.147650 
24 4.711675 67 0.00977 24 4.758893 67 0.128473) 

25 4595216 68 0.00541 25 4644923 68 0.113208 
26 4.474667 69 0.002565 26 4.526788 69 0.100279 

27 4.349140 70 0.000000 27 4.403954 70 0.090500 

28 4.219626 28 4277639 71 0.082626 
29 4.086022 29 4.147541 = 72 0.074727 

30 3.947160 30 4.012971 73 0.067158 
31 3.805301 31 3.874999 74 0.059563 
32 3.658718 32. 3.733114 75 0.051791 
33 3.509162 33 3.588512 76 0.044750 

34 3.355797 34 3.441065 77 0.036398 
35 3.199206 35 3.290722 78 0.029108 

36: 3,039872 36 3.138449 79 0.021844 
37 2.877617 37 2.984043 80 0.013818 
38 2.714498 38 2.828671 81 0.008026 
39 2.048484 39 2.672258 82 0.003785) 
40 2.382342 40 2.915616 83 0.001346 

41 2.213559 4) 2.359482 84 0.000711 
42 2.039468 42 2.205558 85 0.000000 
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