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ABSTRACT 
 

Forging residual stresses are detrimental to the production and performance of derived 
machined parts due to machining distortions, corrosion drivers and fatigue crack drivers. 
Residual strains in a 21-6-9 stainless steel warm High Energy Rate Forging (HERF) were 
measured via neutron diffraction. The finite element analysis (FEA) method was used to predict 
the residual stresses that occur during forging and water quenching. The experimentally 
measured residual strains were used to calibrate simulations of the three-dimensional residual 
stress state of the forging.  ABAQUS simulation tools predicted residual strains that tend to 
match with experimental results when varying yield strength is considered. 
 
INTRODUCTION 
 
Forging 
 

Metals are formed into a desired shape by forging.  Forging processes are desirable to attain 
refinement of the microstructure, increase in strength, and beneficial directionality of properties.  
Warm forging is deformation of the work piece at a low enough temperature to avoid dynamic 
recrystallization and grain [1].  Forgings are typically machined into a final shape for tight 
dimensional tolerances, better surface finish, and lighter weight for end product use.  Rather than 
annealing or heat treating, austenitic stainless steel forgings are often machined in the as-forged 
state to take advantage of their increased strength, improved microstructure, and realigned 
segregation after warm forging [2].  Because of the potential for sensitization, many stainless 
steel forgings are rapidly cooled by water quenching.   
 
Generation of Residual Stresses 
 

The varying cooling rate and temperature gradient during water quenching generates non-
uniform plastic flow and development of residual stresses [3].  Water quenching is one of many 
ways to generate residual stresses.  Withers and Bhadeshia [4] identified three categories for the 
origins of residual stresses: chemical additions, plastic deformation, and thermal treatments.  
Nitriding would be an example of a chemical addition causing compressive residual stress on the 
work piece surface.   Similarly, shot peening or the forging process itself would exemplify 
plastic deformation for surface compressive residual stresses.  Water quenching would fall 



 

 

within the thermal treatment category.  Welding is another thermal treatment that generates 
residual stresses [5].  Residual stresses in stainless steel forgings induced by the forging process 
and water quenching are the concern of this article. 
 
Effects of Residual Stresses 
 

Regardless of their origin, the typical results of residual stress are difficulty machining due 
to shape change from residual stress relief and a reduced service life and difficulty machining.  
In Mickalonis and Dunn’s experiments on stainless steel containers, the weld-induced residual 
stresses helped initiate stress corrosion cracking [5].  Withers and Bhadeshia [6] also explained 
that large mean values of tensile residual stresses on a part surface can severely shorten the 
fatigue life.  There is a need for a simple, accurate way of predicting warm forging and 
quenching residual stresses so that they can be analyzed and reduced through process 
improvements. 
 
Finite Element Simulation of Residual Stresses 
 

Computer modeling has become a powerful method for predicting residual stresses that may 
be caused by any given metal processing method.  However, any simulation result should be 
compared with experimental data.   This comparison will reveal the accuracy of the material 
properties and conditions that are used in the simulation [7].  This is especially important when 
certain coefficients have a significant impact on numerical results.  The heat transfer coefficient, 
for example, is a dynamic coefficient that changes with quench media chemistry, viscosity, and 
temperature.  The heat transfer coefficient has a dramatic effect on the simulation results.  The 
intent of the current research is to compare finite element results with experimental methods for 
residual stress measurement via neutron diffraction. 
 
Measurement of Residual Stresses 
 

Recently, much research has been devoted to developing, characterizing, and improving 
techniques for measuring residual stresses.  In 2001, Withers and Bhadeshia listed methods such 
as hole drilling, curvature, X-ray diffraction, neutron diffraction, ultrasonic, magnetic, and 
Raman [6].  Only a few of these methods, however, are capable of accurate measurements for the 
large length scale of forgings.  Robinson et al. found a general agreement between FEA 
predictions and neutron diffraction results for residual stresses in quenched 7449 aluminum 
blocks.  FEA predicted a greater range of residual stress values and mostly over-predicted the 
residual stress when compared to neutron diffraction.  The FEA predictions were typically within 
1 standard deviation (35-41 MPa) of the measured residual stress (approx. -173 MPa) for the 
quenched sample [7].  The current study utilizes water quenched stainless steel forgings of a 
more complicated axisymmetric shape and compares FEA results with neutron diffraction 
measurements. 
 
EXPERIMENTAL DETAILS 
 

The 21-6-9 stainless steel pre-form is forged at approx. 950 °C into an axisymmetric cup 
shape (Figure 1). The forging process nearly doubles the yield strength from about 350 MPa to 
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Neutron diffraction measurement of stress  
 

The neutron diffraction measurements were completed on the SMARTS diffractometer at 
the Lujan Center at the Los Alamos Neutron Science Center (LANSCE), Los Alamos National 
Laboratory. Where possible, the experimental procedure followed the standard test method for 
determining residual stresses by neutron diffraction [8]. Details of SMARTS have been 
published elsewhere [9], and only a brief description will be given here.  

SMARTS is a time-of-flight (TOF) diffractometer, with a continuous incident energy 
spectrum peaked at ~1.5 Å, but usable at wavelengths from 0.7 Å to 5.5 Å. The cross-section of 
the incident beam was defined by boron nitride apertures which were 3 mm wide and 12 mm 
high for the measurement of the radial and axial strains where the height of the slit has minimal 
influence on the along-wall resolution. The vertical slit was restricted to 3 mm close to the weld 
in the hoop and radial configuration where the height affects the along-wall resolution, and to 6 
mm high well away from the weld where the strain gradients are small.  

Two detector panels are located at ±90° from the incident beam and span ±15° in the vertical 
and horizontal planes. Because the incident neutron beam has a continuous energy spectrum, 
each detector panel records an entire diffraction pattern (d-spaces from 0.5 to 4 Å ) 
simultaneously and with diffraction vectors bisecting the incident and diffracted beam vectors, 
i.e., at ±45° from the incident beam. Each detector is focused by a radial collimator to accept 
neutrons from a 3-mm section along the direction of the beam. The crossover of the incident 
beam and field of view of the radial collimators defines a “gauge” volume from which the 
diffraction data are collected and over which average lattice parameters are determined. The size 
of the gauge volume relative to the sample dimensions is roughly indicated in Figs. 1.  

The sample was positioned optically with an accuracy of ±0.1 mm with the aid of two 
computerized Leicae theodolites.  The sample position was verified by “wall scans” of the 
surface through the gauge volume. The sample was mounted on a sturdy fixture, which could be 
rotated about a horizontal axis (manually) to bring the cylinder axis of the sample either vertical 
or horizontal. When the sample axis was horizontal, the two banks recorded the axial (+90° 
bank) and radial (-90° bank) strains and, when it was vertical, the two banks recorded the radial 
(+90° bank) and hoop (-90° bank) strains. The measurements of the radial strains were repeated 
in the two configurations (in different detector banks) and agreed to within uncertainty.  

The sample was swept through the gauge volume by a motorized translator table, and the 
lattice parameters were mapped as a function of position. The neutron diffraction collection 
times were 20–30 min per point, depending on the gauge volume used. Each diffraction pattern 
was analyzed by Rietveld refinement using the General Structural Analysis Software (GSAS) 
[10] developed at LANSCE. Pertinent to this study, the three lattice parameters, a, b and c, were 
determined by the refinement as well as the pole density of many hkls in the diffraction pattern 
along the specific sample directions. 

The residual strains are calculated from the fractional difference of the spatially varying 
lattice parameters relative to appropriate reference lattice parameters, aref, bref and cref, for 
example 
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Reference coupons were machined from another forging and reference lattice parameter 
measurements were completed at the time of the residual stress measurement in the forged 
sample according to the preferred procedure [8,11]. To determine a representative macroscopic 
strain field from the observed lattice strains, the three lattice strains were averaged with 
weighting based on their measured textural strength along each sample direction, e.g., 

௠௔௖௥௢ߝ  ൌ 	∑ ߱௜௜ୀ௔,௕,௖  ௜         (2)ߝ
 

 This method accounts for the texture evolution from the base metal to the weld and 
corresponds to that outlined by Daymond [12] for determining representative residual strains 
from anisotropic crystals, except the lattice parameters (a, b, and c) obtained from Rietveld 
refinement were used instead of multiple single peaks (hkl) because of practical intensity 
considerations. 
 
ModelingProcedures 
 

As the part is not annealed after forming, the forging and quench processes should be 
modeled sequentially. However, technical challenges have so far prevented the models from 
running successfully. Separate simulations of each step were run. The forging step was 
performed with Abaqus/Explicit [13] with C3D8R elements - 8-node linear bricks, reduced 
integration, with hourglass control. The die and punch were modeled as fully rigid bodies. A 
stress-strain curve was developed at the forging temperature of 950°C via Sandia material testing 
[13]. Simulation of the quenching process was performed in Abaqus/Standard [14]. As the final 
deformations are negligible, it was assumed the heat transfer model was not dependent on the 
solid mechanics model, and a sequentially coupled analysis could be used. In this type of 
analysis, nodal temperatures obtained during a heat transfer analysis are transferred to a solid 
mechanics analysis to induce thermal stresses; but the resulting geometry changes are not looped 
back to the thermal model. The heat transfer portion of quenching was modeled with DC3D8 
elements 8 node linear heat transfer bricks. After transfer to the solid mechanics step, C3D8 
elements 8 node linear bricks were used. The part was assumed to be at an initial uniform 
temperature of 950°C. Heat loss from quenching was modeled as a surface interaction with a 
surface temperature dependent film coefficient. When the heat transfer analysis completed, the 
nodal temperatures were transferred to the solid mechanics analysis to drive thermal stresses. 
Temperature dependent stress-strain curves were adapted from Chiesa, M.L et. al [15]. For all 
analyses, the forging was modeled using quarter symmetry with appropriate symmetry boundary 
conditions. Residual strains were extracted from the thermal stress and forging analyses at 
locations matching those in physical testing. The Abaqus variable Elastic Strain (EE) was used 
for the thermal stress analysis. EE is not available in explicit analyses, so it could not be directly 
recovered from the forging analysis, and was therefore calculated from residual stresses and the 
expanded Hooke’s law [16]: 

௫ߝ  ൌ 	 ଵா ሾߪ௫ െ ௬ߪ൫ߥ ൅	ߪ௭൯ሿ           (3) 

 
In the model’s global coordinate system, on the X symmetry plane ߝ௫ = Hoop strain, ߝ௬ = Axial 
Strain, and ߝ௭ = Radial strain. 
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CONCLUSION 
 

Warm forging, water quenching, and machining processes have a severe effect on residual 
stresses when taken as a whole.  Computer simulation of these residual stresses is challenging, 
even when taken as piece-wise processes.  An extremely accurate knowledge of heat transfer, 
degree of deformation, cooling rate, thermal boundary effects, and other parameters is essential 
for accurate prediction of resulting residual stresses.  The model is not yet mature enough for 
independent prediction.  However, it is now understood that areas of a 21-6-9 forging (work 
hardening material) with higher strain hardening, and therefore higher strength, can produce 
higher residual stresses because they have a higher elastic deformation range.  In regions of 
higher strain hardening there tends to be higher deviation from the FEA predicted residual stress 
since forging deformation and residual stresses were not considered during quenching 
simulation.  Additional work is needed on coupling of the forging and quenching processes in the 
simulation.  The heat transfer during quenching also needs higher fidelity determination.  
Material removal processes must be taken into account and simulated as well, as this process 
tends to shift residual stresses in the part. 
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