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Fundamental Finite Element Evaluation of A Three Dimensional Rolled 
Thread Form: Modelling and Experimental Results 

by J. A. Martin, Principal Engineer 
Lockheed Martin Corp.; Schenectady, NY 

Abstract 
This paper presents an evaluation of residual stresses generated by a cold rolled thread forming 
process. Major factors associated with the forming process which affect the residual stress state 
and are addressed include: stress-strain relations, effects of friction and contact on plastic defor- 
mation, and the influence of manufacturing parameters. MARC finite element software is used to 
determine the stresses and deformation that occur in a multipass cold rolled flat plate with a mod- 
ified ACME thread form. Variations in friction, contact, and manufacturing parameters are 
assessed based on relative comparison of results. Stress results for selected parameters are com- 
pared to experimentally measured data generated using X-ray diffraction and hole drilling tech- 
niques. 
Background 
Many applications in the industrial world rely on threaded fasteners as a means for joining com- 
ponents. Depending on the application, fatigue behavior and/or the component’s environment can 
dictate equipment life expectancy. Cold rolling manufacturing processes have been developed as a 
means of introducing beneficial residual stresses into thread roots, thereby increasing resistance to 
fatigue and environmental effects. However, the benefits are predominately determined by empir- 
ical means with very little numerical assessment of the residual stress magnitudes. Hence, poten- 
tial design benefits that might be realized from a basic understanding of the residual stresses 
generated due to the cold rolled thread forming process have, for the most part, not yet been estab- 
lished. This paper reports on work completed to gain further understanding of the stress states in a 
thread root developed during and after cold rolling and to qualify a finite element methodology to 
predict these thread root residual stresses. 

Discussion 
During the cold-forming thread rolling process, threads are formed on a round workpiece as it 
passes between rotating dies. This process generates a thread form without metal loss and with a 
higher yield strength due to the cold-working process. Testing has indicated that this process 
improves fatigue life, which is attributed to the creation of compressive residual stresses on the 
thread root surface. In support of this empirical approach, an analytical evaluation is needed to 
obtain a better fundamental analytical understanding of the thread rolling process to better support 
design applications. 
This testing/analytical study compares measured residual stresses and displacements from a flat 
plate rolled coarse thread form with stresses and displacements predicted by finite element analy- 
sis. Residual stresses are measured using X-ray diffraction and hole drilling techniques. The finite 
element analysis is performed using the MARC analysis software code. 
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Testing 

This process employs a 5” x 5” x 1” plate fed through two 12” diameter rollers (Figure 1). The test 
plate is rolled with a top roller having the thread form shape shown in Figure 2 and a lower roller 
located between two support tables. The lower configuration provides a rigid constant support for 
the plate being rolled. There are no restraints in the through feed direction. The test plate is then 
forced between these two continuously turning rollers until the rollers exert sufficient frictional 
force on the plate to maintain contact. The plate is pulled through the rollers and deformed to the 
thread form configuration. The final depth of penetration is obtained by incremental displacement 
that occurs with each pass through the rolling mill. To maintain alignment of the plate and consis- 
tency of the roller grooves between passes, the support table of the rolling mill was fitted with 
alignment guides. 
Process parameter studies of roller speed and depth of penetration per pass were examined to 
determine their effects on final deformation and residual stress fields. The test matrix (Table 1) 
was also established to examine the effects of material variability and lubrication, Le., coefficient 
of friction, on deformation induced residual stresses. 

Table 1 Test Rolling Parameters v 

Roller Depth of Number of 
RPM Penetration/ Pass haemental Passes ‘late ID Lubrication 

a Plate PU3L duplicated the pMMsten of -3 bat included the use of a lubricant auratl osed by Coaunercial thread lolling pm- 

b Plate #4BA used a coefficient of 1.Oio the PEM while Plate 8 used a d c i e n t  of0.3. A d d i t i d  Plate FEM casea were exmined 
Wacs. n e  finite danalt model 8ssIm.led a coefficient of friction of 1.0 and 0.0 for platts 3 and 3 e  respeaivtly 

with axfficktsoffrictkm of 1.0 and 3.0 to assess the effects on residual stresses. 

Material Properties 
This study addressed two materials, Alloy 625 and X-750. The material properties used in the 
finite element modelling analysis and in support of the data generation from the X-ray diffraction 
and hole drilling measurement techniques are shown in Table 2. The elastic-plastic properties 
used in the finite element analysis are shown in Figure 5. These properties are the results of prior 
tensile testing. 

Table 2 Material Properties 

blastic Modulus, E (x 1000 h i )  1 I 29.8 I 32.5 
1 
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Measurement Techniques 

The test objective was to provide X-ray diffraction and hole drilling measured stress results along 
with final deformations for comparison with finite element model (FEM) results. Depth measure- 
ments were taken after each roll pass by comparing indicator readings on the unaffected plate sur- 
face and on the groove bottom. 

X-ray diffraction is a method of determining residual stress in a localized area. This technique 
relies on the ability of a monochromatic X-ray beam to provide a measurable shift in the intensity 
and angle of the diffraction peak when passing through the lattice planes of a material. Stresses 
are determined by measuring the change in strains within the atomic lattice and by relating these 
strains to stresses through elastic theory. The lattice changes are a direct result of structure defor- 
mation. 

X-ray diffraction is generally limited to surface measurements. Grain size in a material may be 
too large to permit reliable use of X-ray diffraction techniques beyond the immediate surface lay- 
ers which are deformed. However, if coupled with a sectioning technique such as electro-chemical 
polishing (ECP), X-ray diffraction can provide a depth profile of stresses. ECP was used to 
remove material after each X-ray diffraction measurement was taken. This permitted X-ray dif- 
fraction to generate a depth stress profile in the groove region of the rolled form. 

Hole drilling provides a means of measuring localized residual stresses in a component; while 
limiting damage to the specimen. The technique involves drilling a small hole in the stressed 
material at the center of a specially designed stra,in gauge rosette. This rosette measures the 
change in strain of the material adjacent to the hole. 
The strain sensitivity of the hole drilling method is a function of the size of the hole relative to the 
rosette size. Maximum sensitivity for a given rosette size is achieved when the hole has the maxi- 
mum allowable size. This maximum size is determined by the requirement that the edge of the 
hole does not touch the strain gauge grids. However, even with the maximum size hole, the sensi- 
tivity of the hole drilling method is low. Moderate strain sensitivity means that small strain mea- 
surement errors can cause significant errors in the calculated residual stresses. 

The test objective was to compare X-ray diffraction and hole drilling measured stress results with 
those obtained by the finite element modelling. 

Test Results 

Disdacements 
Displacement measurements were taken at the center location, with respect to both length and 
curvature, of each of the three grooves (root). The depth of each thread root generated by the roll- 
ing process was measured after each pass with total depth recorded after the last pass, see Table 3. 
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Table 3 Summary of Measured Displacements 

a. The measured displacements represent the final measured value taken subsequent to the last pass - all val- 
ues are in inches 

Comparing results from Plates 3 and 3L indicates that the introduction of a lubricant into the roll- 
ing process reduces the amount of residual deformation. Results from Plates 3 and 8, excluding 
any variations in measurements, indicate that a change in material creates significant differences 
in the residual deformations. This is probably due to the difference in material yield strengths. In 
addition, for a displacement driven loading condition, the material with the lower yield strength, 
neglecting hardening, can be expected to result in the greater final deformation. 

Examining the effects of roller speed and depth per penetration based on limited test results 
implies that the slower roller speed, when coupled with the shallow penetration per pass, (PL#4) 
results in a greater residual deformation than the faster roller speed coupled with the deeper pene- 
tration per pass(PL#3). However, with rolling mill compliance unaccounted for, the deeper, faster 
roll draft results in springback of the material and mill support structure being greater than that for 
the slower, shallow roll draft. Verification of this observation by monitoring the load exerted by 
the rollers and the amount of deformation that actually occurs during the rolling process was not 
part of this study. 

X-ray diffraction measurements of S, and S ,  stresses were performed on the one A625 plate and 
the three X750 plates identified in Table 3. S, is the stress transverse to the rolling direction (this 
corresponds to X-direction stresses in the FEM analysis; i.e. Figures 3 & 4) and S ,  is the stress 
parallel to the rolling direction, The A625 (Plate #8) material measurement results are shown in 
Figure 6. For all the cases examined, the surface stress in both the transverse and parallel direc- 
tions to the rolling direction were shown to be compressive. However, due to large grain irregular- 
ities immediately below the surface only the measurements taken at the surface for the X750 
plates are considered to be reliable. Those measurements taken for these plates at 0.002” below 
the surface may vary by as much as +/- 50% (shaded area Table 4). 

X-Rav Diffractio n 

Hole Drilling 

Hole drilling measurements were also made on the plates identified in Table 3. These results were 
taken at the center of the middle groove for ease of comparison to X-ray diffkaction results. 

The results of the hole drilling measurements are shown in Figures 7a and 7b. From these figures, 
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the residual stress in the direction parallel to the rolling (Sz) are reported to be slightly compres- 
sive with the exception of Plate 3L. The difference in trends may be attributed to the reduced fric- 
tional forces as a result of the applied lubrication. The residual stress in the direction transverse to 
the rolling (Sx) are reported to be predominately tensile. 

However, it has been noted [ 11 that for hole drilling measurement techniques, any residual stresses 
greater than 80% yield (= 88 ksi for X750 and = 70 h i  for A625) are likely to be overpredicted, 
with subsequent residual stresses at depths below this measurement location incorrectly calcu- 
lated. Hence, the majority of the transverse stresses reported by the hole drilling measurement 
techniques are probably overpredicted. In addition, Table 3 indicates that the final depth of each 
plate is different; thereby increasing the difficulty of obtaining good correlation between cases. 
Figure 6 provides a comparison of hole drilling and X-ray diffraction results for Plate #8. The X- 
ray diffraction results are the only complete set due to large grain distortions in the X750 material. 
The results show similar trends between the two techniques, but different magnitudes with the 
hole drilling being significantly greater. Table 4 compares results from the two techniques at sim- 
ilar locations. Note the differences not only between the hole drilling and the X-ray diffraction, 
but also between the X-ray diffraction results at slightly different depths. 

%ble 4 Residual Stress Surface Measurement Results 

X-Ray Diffraction Results @ 
Surface (ksi) 

X-Ray Diffraction Results Hole Drilling Results @ 
@ Depth of 2 m i l s  (h i )  Depth of 2 m i l s  (h i )  

sx  (trans.) Sz (parallel) Sx(trans.) s z (pardel) Sx (trans.) Sz (parallel 
Plate # 8 -1 10.6 -124 -7.6 -71.2 -4.6 -92.8 
Plate # 3 -24.3 -67.4 18.2 -31.0 162 14 

Plate # 3L -58.2 -89.8 37.3 -45.5 73 12 
Plate # 4 -17.7 -65.1 59.6 - 15.4 96 -34 

Finite Element Models 
The finite element model replicates the test thread rolling process. The MARC software analysis 
package with Lagrangian update capabilities, large strain formulation, plasticity/work hardening, 
and contact/friction options was used. 
A 3-D, eight-noded, first-order (linear) isoparametric element (MARC Element 7) was used. This 
element provides for the finite strain plasticity and updated Lagrangian procedures necessary to 
address a highly non-linear contact problem. Figures 3 and 4 show the finite element mesh used. 
The finite element model boundary conditions are dictated by the test process. The finite element 
model contains a single roller along the top surface of the plate, with the lower surface assumed to 
be supported on a rigid surface. Modelling two rollers, as used in the test, would increase the con- 
tactheparation nonlinearity complexity of the model and the run time significantly without any 
contribution to the accuracy of the calculated results. Figure 1 shows the bottom side of the plate 
in contact with a stiffer surface for a majority of the duration of the rolling process. Thus the sin- 
gle roller assumption is reasonable. This boundary condition is modelled such that all the nodes 
on the X Z  plane at Y = 0 are set for 6Y = 0. To reflect the support table alignment guides, the 
finite element model provides for a second boundary condition which sets nodes in the YZ planes 
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at X= 0.0 and 5.0 and located at Y=O.O to maintain an X displacement of zero (Figure 3). The 
reaction forces resulting from this boundary condition were closer to zero; therefore the residual 
stress predictions were not affected. 
To simulate the through feeding of the plate in the model, a line of nodes is restrained in the 2 
direction (Z = 0), along the X-axis at Y and 2 equal to zero. This boundary condition is necessary 
to maintain equilibrium of the model in the 2 direction during those portions of the loading/ 
unloading where there are no restraints in the 2 direction, thereby preventing model instability. 
The relative motion between the rollers and the plates is assumed constant; therefore, the finite 
element model can maintain the deformable body (the plate) as a stationary component. This 
allows the rigid body roller to move via a series of translations and rotations. The rigid body 
motion loading method is much less complex than modelling deformable body motion. 
The finite element model loadcase sequencing simulates the rolling process used in the test. By 
breaking the process into four individual loadcases, the modelling complexity is reduced and the 
results can be better compared with test data. Loadcase #1 requires a small initial indentation 
prior to rolling to eliminate potential mathematical instability that could occur when simulating 
rolling without friction. This instability is similar to chatter of the plate and the rollers observed in 
the test prior to the rollers grabbing the plate. 
Subsequent to indentation, loadcase #2 simulates the rolling process. The rigid roller was pro- 
vided with a translation and rotation similar to that used by a test roller. The angular velocity and 
translational speed used was dictated by the speed of the roller die for each plate tested. This load- 
case is critical in predicting the residual stress and deformation that will occur. In addition to roll- 
ing angular and translation velocity; a proper balance among time steps, contact tolerance, 
convergence tolerances, coefficient of friction, and surface bias was maintained. Studies were 
done to insure that the time steps, contact tolerance, convergence tolerances, and the surface bias 
remained constant when evaluating changes to the coefficient of friction, the rolling angular 
velocity, and the translation velocity. 
Loadcase #3 incrementally unloaded the roller to a predetermined distance above the deformed 
plate after completion of the rolling process. Incremental unloading when coupled with the appro- 
priate contact tolerances is necessary to eliminate any sticking that might affect the final stress 
state. Lastly, for loadcase M, the roller translates back to its initial location at the lead end of the 
plate to prepare for the next pass. 
Total residual deformation from the previous pass dictated the amount of indentation for each sub- 
sequent pass. As the deformation increased, the number of incremental loadings used to indent the 
die into the plate was increased to maintain a consistent loading rate. Previous undocumented 
studies indicate that a slight difference in stress occurs if the loading is an incremental type load- 
ing rather than in a single step. 
Neither the initial indentation nor the unloading affects the stress fields at the center points of the 
plate where the data was taken for comparison to the finite element results. 
The finite element material model required true stress and true strain input values beginning at the 
plastic regime and using the yield stress value at a plastic strain of 0.0. The stress-strain curves for 
both X750 and Alloy 625 used in the FEM are based on the values of Table 2 and are shown in 
Figure 5. In addition, due to the small number of passes to be applied, isotropic hardening was 
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assumed for the finite element thread rolling simulation. 

The test objective was to compare X-ray diffraction and hole drilling measured stress results with 
those obtained by the finite element model (EM). The results reported are based on nodal dis- 
placements and associated Gauss point stress averages with reported values taken at nodes 143, 
1737, and 1739 (Figure 4) unless otherwise noted. 

Figure 8 shows the finite element displacement results for Plates 8,3, and 3L on a per pass basis. 
Comparing the Figure 8 final displacements with the test results provided in Table 3 shows a dif- 
ference in magnitude; however, the trends are similar. In particular, the displacement trends 
between Plate #8 and Plate #3 correlate well for both the FEM and test results. However, the dif- 
ferences in magnitude are attributed to the absence of rolling mill compliance in the FEM. 

The actual parameters applied by the rolling mill during plate rolling have variability associated 
with the equipment itself. The portions of the rolling mill that contribute to overall compliance 
include: the fittings that support both the upper and lower rollers, the slight incline that exists on 
both sides of the rolling contact point due to the location of the support table, and any flexibility 
that exists within the roller itself due to the asymmetrical positioning of the plate during the roll- 
ing process. The current rolling mill is unable to record the loading exerted on the sample with 
each pass. This lack of monitoring, when coupled with compliance of the rolling mill assembly, 
impairs the capability to accurately simulate, using finite element analysis, the displacement for 
each pass. 
Figures 9,10, and 11 report the finite element stress results from Plates #8, #3, and #3L. The FEM 
results from plate 4 had not completed all 20 passes; therefore, the results are not included. Figure 
9 reports the stress results for surface Node 143 (Figure 4). As expected, the surface compressive 
stress increases with each additional incremental loading. The finite element results shown in Fig- 
ure 8 indicate a minimal difference in displacement between the friction and no fiiction surface 
conditions. However, test results reported in Table 6 indicate a significant difference in the resid- 
ual stress when evaluated at selected depths of deformation. 
Figure 10 demonstrates the transition between compressive to tensile stress when assessing the 
through thickness stress state for Plate #8. Figure 11 provides a similar comparison for Plates 3 
and 3L with predominantly the same trends. However, a distinct difference between the lubricated 
and non-lubricated plate is observed with respect to the depth of the compressive stress region, 
with the lubricated plate demonstrating a much reduced compressive zone. 

Finite Element Model Results 

~ 

I 

I Comparison of Test and FEM Results 
Because the rolling mill compliance was not included in the finite element model, the FEM results 
were selected for comparison to test values based on final deformations. Table 5 identifies the 
final measured deformation and provides the associated FEM passes used for comparison. The 
selected E M  Sx and Sz stresses are reported with comparison to the hole drilling and X-ray dif- 
fraction results in Table 6. For Plate #8 the X-ray diffraction and FEM results compare fairly well 
for both Sx and Sz. The other two plates demonstrate reasonable agreement when considering the 
compressive nature of the stress for the Sx case and good overall agreement with the Sz case. 
However, there is little agreement when comparing the hole drilling results with either the X-ray 
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or the FEM results. This lack of agreement as shown in Figure 6 reflects similar trends, but dis- 
tinctly different magnitudes between the two measurement techniques. The differences can also 
be linked to the uncertainties identified below. 

Table 5 Test vs FEM Displacement Comparison 

Final Test Comparable FEM Associated 
E M  Pass Displacement Displacement 

(inches) (inches) 
Plate #8 0.0055 - 063e-3 4 
Plate #3 0.0025 -2.3946e-3 2 

Plate #3L 0.00 15 -1.358e-3 1 

Table 6 FEM vs Measured Stress Comparison 

Sx - Transverse to Rolling Direction (ksi) Sz - Parallel to Rolling Direction (h i )  

Hole Drilling' X-ray DifL2 E M 3  Hole Drilling' X-ray Diff.2 FEM3 
Plate #8 -4.6 -1 10.6 -63.4 -92.8 -124.0 -70.2 
Plate #3 162 -24.3 -5 1.8 14 -67.4 -64.6 

Plate #3L 73 -58.2 -29.2 12 -89.8 -52.7 
I .  Hole drilling results taken at 2 mils depth 
2. X-ray &&action results taken at surface 
3. FEM taken at the averige of the Gauss points associated with Node 143 

Uncertainties 
X-Ray Diffraction 

The uncertainties and problems associated with the residual stress measurements provided by 
using X-ray diffraction techniques include the concern that stress relaxation resulting from layer 
removal by ECP methods cannot be addressed. Although any material removal will reduce resid- 
ual stresses, the amount of relaxation compared to that which is expected to be associated with 
hole drilling will be minor and the results can be reasonably compared to the FEM results. 

The condition of the material in the thread roots may not be suitable for standard X-ray diffraction 
analyses. Conditions such as strong preferred orientation of the grains, excessively small grain 
size, significant shearing stresses, or a deviation from a biaxial stress state over the depth of pene- 
tration of the X-rays may invalidate the X-ray diffraction data. These conditions were assessed by 
examining the fit of the data from the multiple diffraction angular exposures. These conditions 
were examined, and for the A625 case the results were reasonably well behaved. But, as cited 
above, for the X750 material, the grain boundary distortions below the surface greatly inhibited 
the ability of this technique to record anything but surface stresses with high confidence. 

Hole Drilling 

The two major uncertainties associated with the hole drilling results revolve around the residual 
stress field itself. In order for hole drilling to be accurate the surrounding stress field should be 
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uniform with respect to depth, and be less than 80% of yield. Since neither of these conditions are 
prevalent in the rolled thread form, and given the large amount of material flow, any over predic- 
tion of stress value results due to the hole drilling technique cannot be readily determined. 

Another concern is the existence of residual stresses in the plate prior to initiation of the test pro- 
gram. The assumption that the residual stress state in the A625 plate would also exist in the X750 
plate may not be correct. The X750 plate was fabricated in-house from bar stock and was exposed 
to heat treatment, which should have removed all existing residual stresses; whereas, the A625 
was received in the plate condition. This change between the X750 and A625 plates and the 
unknown stress state to initiate the FEM may have contributed to the differences between the 
FEM and reported test results. 

Finite Element Model 
One uncertainty associated with the finite element model results and their correlation with the 
residual stress measurements is the mesh density used for this particular assessment. Although a 
mesh refinement study was performed to evaluate the accuracy of the results, the final mesh size 
utilized elements on the order of 25 -50 m i l s  in each direction. When comparing the results taken 
at Gauss points associated with elements of this magnitude the comparison to trends ranging from 
0 to 20 m i l s  generates a degree of approximation. However, given the reasonableness of the 
results and the good comparison trendwise with the X-ray diffraction measurements there is con- 
fidence that the trends observed are accurate and the FEM techniques are sound. 

Summary 
Overall, the trends and results show fairly good correlation between the measured residual stress 
of the test specimens and the associated FEM for the same deformations. Differences in magni- 
tudes of final deformations are judged to be attributed to the compliance of the rolling mill, which 
has not been included in the FEM simulation of the rolling process. Stress trends demonstrate that 
differences in material yield strength affect the final residual stress state. The effects of lubrication 
on a plate rolling process will not greatly influence the surface residual stresses, but will affect the 
final deformed state and the depth that the compressive surface stress penetrates to. In conclusion, 
the comparison between the FEM and test results support the analytical techniques used in this 
assessment. 
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Figure 3 Prescribed Boundary Conditions and Cross Section Mesh 
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Figure 5 Stress-Strain Curves For Materials Evaluated 
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