Influence of Grain Size on the Constitutive Response
and Substructure Evolution of MONEL 400

GEORGE T. GRAY I, SHUH RONG CHEN, and KENNETH S. VECCHIO

The influence of grain size on the constitutive behavior (strain-rate and temperature dependence of
the yield stress and strain hardening) and substructure evolution of MONEL 400 was investigated.
Increasing the grain size from 9.5 to 202 um was seen to reduce the quasi-static yield strength from
290 to 115 MPa, while having a minimal effect on the work-hardening response. Increasing the strain
rate from quasi-static to dynamic strain rates (3000 s™%) was seen to increase the yield and overall
flow-stress levels, but has no effect on the strong grain-size dependency exhibited by this alloy. The
persistent influence of grain size to large strains is inconsistent with previous d~2 pileup grain-size
modeling in the literature, which predicts convergence at large strains. Substructure evolution differ-
ences between the grain interiors and adjacent to grain boundaries supports differential defect storage
processes which are consistent with previously published work-hardening d=* modeling arguments
for grain size—dependent strengthening in polycrystals. The integration of grain-size dependency into
constitutive modeling using the mechanical threshold stress (MTS) model is discussed. The MTS
model is shown to provide a robust constitutive description capturing yielding, large-strain work
hardening, and grain-size effects simultaneously. The MTS model is, additionally, shown to satisfacto-
rily address the experimentally observed transients due to strain-rate or temperature-path dependency.

[. INTRODUCTION

THE strength of polycrystalline metals and alloysis well
documented to increase with decreasing grain size. This
strengthening effect has been empirically shown to follow
the linear relation

where o is either the yield stress or flow stress at a fixed
strain, oy is referred to as a friction stress, d is the grain
diameter, k, is the “unpinning constant” at the yield point
(similarly, k; is used when referring to the unpinning value
at some finite plastic strain), and M is the Taylor orientation
factor. The terms oy, ky, ki, M, and n are material -dependent
constants. The parameter k, was originally considered to be
a measure of the stress required at the tip of a dislocation
pileup to unlock pinned dislocationg™ or to create new dislo-
cations in the adjacent grain;@ later analysis,? as described
subsequently, suggests that it reflects the stress necessary to
cause a dislocation emission from a boundary or source.
Physically, this reflects the resistance of grain or phase
boundaries to the spread of slip bands.[*3-8 This strengthen-
ing relationship, with n = 1/2, was formulated to account
for the grain-size dependency of the yield strength of mild
steels by Hall® and Petch.l’® Over the past 40 years, this
equation, referred to as the “Hall—Petch equation,” has been
used to correlate a wide range of grain-size (or micro-
structural-unit size, i.e., cell-size, subgrain, etc.) vsyield or
flow-stress data.

Hall-Petch relationships have been shown, in several
reviews, to correlate with a number of additional mechanical
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properties, including indentation hardness, tensile ductile-
to-brittle transition temperature, fatigue-limit strength,
fatigue-crack growth resistance, and polycrystalline creep
rate1-31-13 |n many of these cases, the n = 1/2 power
relation has been verified over a wide range of grain sizes,
and the dependency of yield strength on grain size can be
significant for many materials, while, in other materias,
grain-size effects on yielding are quite modest. Typical val-
ues for the material parameters o, and ky, for alarge number
of metals and alloys, including some ordered intermetallics,
have been summarized by Hall.l¥ The range in effects of
grain size on yield or flow stress at small strains is given
inTablel for several materials. Although aternativerelation-
ships to n = 1/2 (i.e,, n values ranging from 1/3 to 1)
have been offered by several authors, including Baldwin,[*4
Kocks,*™ Conrad,!*® Anderson et al.,!'! and Mecking,[*®!
then = 1/2 dependency has been found to be widely applica-
ble to steels, as well as to a large number of other metals
and alloys.!

Several in-depth review articles have summarized the
effects of externally imposed constraints and microstructural
variables, such as stress state, temperature, strain rate, etc.,
on the parameters in the Hall—Petch relation.[*?3 Changes
in the propensity for amaterial to cross-dlip, via either struc-
tural ordering or decreases in stacking-fault energy, have
been shown to increase the Hall-Petch slope due to areduc-
tion of the number of active slip systems.>¥ [n mild steels,
k, is relatively composition insensitive,[**! while, in copper-
based alloys®? k, is seen to increase substantially with
increased alloying. Variations in strain rate from 107 to
2350 s~* were found to have no effect on the k, term for
the lower yield stress of pure iron tested at room tempera-
ture.?! Thek, term for copper has been found to be indepen-
dent of strain rate, over the range from 0.001 to 100 s7%, as
well as to strains of 0.20.122

While a number of models have been proposed to explain
the dependence of plastic flow on grain size, two genera
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Tablel. Typical Values of the Hall-Petch Terms o, and k for Various Metals and Alloys™!

Metal Condition 0o (MN/mM?) k (MN/m¥?) K/ ub¥?
Mild steel—0.06 pct C lower yield point 41 0.66 0.655
Tantalum yield point 124 0.31 0.299
Aluminum flow stress at 0.5 pct ¢ 16 0.070 0.163
Copper flow stress at 0.5 pct 26 0.12 0.178
Nickel yield point 34 0.22 0.177
Cu-29Ni-29Zn yield point 79 0.579 0.860*
Silver flow stress at 0.5 pct & 37 0.070 0.157
Titanium yield point 79 0.41 0.548
Zirconium flow stress at 0.2 pct € 29 0.3 0.477

*The shear modulus and burgers vector for pure Cu were used in the absence of alloy data.

rationales have emerged: one based on dislocation pileups
and the other based on dislocation-dislocation interactions
through work hardening.[? Although both dislocation pile-
ups and dislocation-dislocation interactions might be expec-
ted to depend on temperature, k, has been found to be
remarkably temperature independent. Utilizing the experi-
mentally observed correlation that dislocation density isalso
an inverse function of grain size, ad~Y? correlation has also
been derived for some materials.>8 Consideration of the
differences in the athermal work-hardening behavior in a
polycrystal, between the grain interior and directly adjacent
to the grain boundary, has aso been used as the basis for
modeling grain-size effects on flow behavior.l21%23 Within
this “composite grain” framework, grain-size effects are
viewed as resulting from the storage of geometrically redun-
dant dislocations, rather than those geometrically necessary.
The grain interior is assumed to harden similar to a single
crystal, while agrain-boundary layer is envisioned to harden
inversely with dislocation redundancy. Linear superposition
of these two hardening behaviors can be shown to yield a
d~!(i.e, n = 1) grain-size dependence.l*®! Alternately, the
superposition may be viewed as a pileup mechanism,?4
where dislocations are assumed to be driven from the softer
grain cores into the harder boundary layer via a dislocation
pileup. Given this superposition, the stress will depend on
the grain size via d=*2.

The effect of work hardening and the exact details of how
substructure evolution in agiven material affects Hall—Petch
behavior remains poorly understood. The work-hardening
approach to Hall-Petch, being based upon athermal harden-
ing, suggeststhat the applicability of the Hall —Petch correla-
tion should decrease with increasing plastic strain,
particularly at very large strains. Asthe grain size increases,
athermal hardening effects will become less influential, and
the statistically stored dislocations within the grains will
become increasingly important.[** The hardening behavior
then depends on the strength of obstacles developed during
strain hardening relative to the magnitude of the critical
stresses for the propagation of slip at the boundaries. On this
basis, in materials where cross-dlip is easy and dislocation-
dislocation interactions control hardening, the dependency
of the flow stress on grain size has been suggested to disap-
pear after moderate plastic strains of perhaps 0.20 to 0.40.[8)

As dynamic recovery occurs, which is proposed to affect
the boundary areas first due to a higher dislocation density
in these regions, grain-size effects should become less pro-
nounced as the strain-hardening rate decreases.*¥! While
experimental studies support the belief that fine-grained
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materials work-harden more rapidly than coarse-grained
materials, the variation of k; with strain suggests that the
behavior is significantly more complex than a simple accu-
mulation model.[**9 Indeed, it appears more plausible that
the observed Hall—Petch correlation with flow stress for a
broad range of materials, including both the initia yield
behavior and the process of work hardening, isnot consistent
with a single controlling deformation mechanism. Rather, it
may reflect an initial mechanism of dlip transfer at or near
boundaries, aswell asthe accumulation of dislocationsdueto
grain compatibility constraints during continued straining.*

In addition to the scientific understanding of the Hall—
Petch correlation, investigators have sought to incorporate
grain-size dependencies into material-constitutive algo-
rithms, such as those employed in three-dimensiona (3-D)
finite-element codes. (22529 |n the Johnson—Cook!®! and
Zexilli—Armstrong®® models, aterm which incorporates the
product of a “microstructural stress intensity-k” and the
inverse squareroot of the average grain size have been added
to the thermal stress. Gourdin and Lassila?? also found that
the grain-size dependency of the flow stress of copper was
best described in the mechanical threshold stress (MTS)
model*” by adding a ky/(d"2) component to the “athermal”
stress term.

The purpose of thisarticleisto report experimental obser-
vations and constitutive modeling results detailing the influ-
ence of grain size, strain rate, and temperature on the stress-
strain response of MONEL* 400. The influence of grain

*MONEL is a trademark of Inco Alloys International Inc., Hunting-
ton, WV.

size on the constitutive response is discussed in terms of (1)
its ramifications on the physically based modeling concepts
reviewed previously for explaining the Hall-Petch correla
tion, and (2) the manner by which grain size can be incorpo-
rated into constitutive-material models.

[I. EXPERIMENTAL PROCEDURE

The material examined is the MONEL 400 aloy in the
form of 9.5-mm-diameter hot-rolled wire. MONEL 400 is
a solid solution—strengthened nickel-based alloy, whereby
its hardening is achieved via mechanical working in addition
to substitutional strengthening. The analyzed composition
of the MONEL 400 wire is (in wt pct): 31.96 Cu, 2.1 Fe,
1.05 Mn, 0.11 Si, 0.05 Al, 0.03 C, 0.003 S, and 64.7 Ni.
The as-rolled material has an equiaxed grain size of, nomi-
nally, 9.5 um. To obtain arange of increasingly larger grain
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Tablell. Heat Treatment and Grain Sizes Used for

MONEL 400
Heat Treatment Grain Size (um)
Asrolled (AR) 95=* 04
AR + 1033 K/30 min 12 = 08
AR + 1073 K/1 h 19 = 07
AR + 1144 K/2 h 51 = 1
AR + 1223 K/2 h 93 = 2
AR + 1248 K/4 h 174 += 6
AR + 1273 K/8 h 202 = 5
AR + 1473 K/26 h 789 =+ 11

sizes, samples were encapsulated in quartz tubes under vac-
uum and then annealed at various temperatures and times,
followed by a slow bench cool, as given in Table Il. The
average grain size was measured by the linear-intercept
method (14 lines, each 82 mm in length per photo) on a
minimum of three micrographs taken at magnifications of
10, 50, 100, 200, or 500 times (the magnification chosen
for each grain size to allow accurate measurement of the
maximum number of grains per photo). The linear-intercept
method, conducted to determine grain size, included only
grain boundariesand did not count annealing twins as bound-
ariesintheanlaysis. Metall ographic sections of the anneal ed,
quasi-statically, and dynamically deformed materials were
prepared using standard metall ographic techniquesfor grind-
ing and polishing. The grain structure was revealed by etch-
ing in a solution of 50 pct HNO; and 50 pct CH;COH;
micrographs were obtained using polarized light. Figure 1

shows the equiaxed grain structure of MONEL 400 as heat-
treated to two different grain sizes.

Cylindrical samples, with the compression axis parallel
to the wire axis, were electrodischarge machined to dimen-
sions of 5 mm in height and 5 mm in diameter. Samples 9.5
mm in diameter by ~12 mm in length were utilized for
mechanical testing nominal grain sizes exceeding 200 zm.
Dueto the very limited number of grainsin the sample cross
section for the largest grain size (789 um), only the data
for grain sizes up to 202 um was utilized in the constitutive-
modeling analysis. Quasi-static compression tests were done
using an Instron screw-driven test system under a constant
strain rate of 0.001 s™2, at temperatures of 77 and 298 K,
with MoSi, lubrication to minimize barreling. Quasi-static
testing to large strain values was conducted in increments
of ~0.2 true strain, with relubrication and remachining of
the sample as required. Dynamic tests at strain rates of
3000 s were conducted from 77 to 873 K utilizing a
Split—-Hopkinson pressure bar.[*Y Dueto theinherent oscilla-
tions in the dynamic stress-strain curves from elastic-wave
dispersions and the lack of stress equilibrium in the Hopkin-
son bar specimens at low strains, the determination of an
accurate yield strength at high strain rates is more difficuilt.
Yield values for the Hopkinson bar curves were, therefore,
chosen by selecting the flow-stress value at the intersection
of the elastic loading line, with a smooth curve back-extrapo-
lated through the plastic-flow data for each curve.

The substructures of MONEL 400 as a function of grain
size, in the annealed conditions and following deformation,
were examined using transmission electron microscopy

1 mm

Fig. 1—Optical micrographs of MONEL 400 showing the uniform equiaxed grain structure following heat trestment to obtain grain sizes of (a) 51 um

and (b) 789 um.
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(TEM). Samples were sectioned using alow-speed diamond
saw, and the slices were mechanicaly thinned. The TEM
foils were electrochemically polished in a Struers Tenapol
I11 jet electropolisher to electron transparency, using a solu-
tion of 57 pct H,SO,4 and 43 pct H,O a 24 °C with an
applied voltage of 5V and a230to 250 mA current. Charac-
terization was performed using a PHILLIPS* CM-30 trans-

*PHILIPS is a trademark of Philips Electronic Instruments Corp., Mah-
wah, NJ.

mission electron microscope equipped with a double-tilt
stage, at an accelerating voltage of 300 kV. The bright-field
electron micrographs were al taken under a (200) two-
beam condition.

1. DESCRIPTION OF MODEL
A. Mechanical Threshold Sress Model

Theframework and detail ed description of the M TS model
isgiven elsewhere, 203334 and asummary of the M TS mode!
has been recently reviewed.*3 Plastic deformation is known
to be controlled by interactions of dislocations with obsta-
cles. These interactions are, in general, thermally activated.
In the MTS model, the current structure of a materia is
represented by an internal-state variable, the mechanical
threshold, which is defined as the flow stress at 0 K. The
mechanical threshold is separated into athermal and ther-
mal components,

o=, + 30 (2]

where the athermal component (o) characterizes the rate-
independent interactions of dislocationswith long-range bar-
riers such as grain boundaries, dispersoids, or second phases.
The sum of the various thermal components (a;) character-
izes the rate-dependent interactions, which can be overcome
with the assistance of thermal activation, of dislocationswith
various short-range obstacles, such as forest dislocations,
interstitials, solutes, the Pelerls barrier, etc. The flow stress
of a constant structure at a given deformation condition is
expressed in terms of the mechanical threshold as

T2, 596, T) 2 [3]
J Mo

where the athermal component is a function of temperature
only through the shear modulus, and the factor S specifies
theratio between the applied stressand the M TS. Thisfactor
is smaller than 1 for thermal activation—controlled glide,
because the contribution of the thermal activation energy
reduces the stress required to force a dislocation past an
obstacle. For single-phase cubic materials, we have found
that the thermal component can be simplified by the linear
summation of a term describing the yield stress (o;) and
a second term describing theevolution of the dislocation
structure (o) as a function of temperature, strain rate, and
strain. Equation[3] can be rewritten as

g 0y

—:—+S(é,T)ﬁ+S£(é,T)i9 [4]
2 M Mo Mo

Inthethermally activated glide regime, theinteraction kinet-
ics for short-range obstacles are described by an Arrhenius
expression of the form

1238—VOLUME 30A, MAY 1999

5 = & exp(%‘f) [5]

Thefree energy (AG) isafunction of stress, and a phenome-
nological relation of the following form has been chosen:?4

/ P49
AG = goubs[l—(f"—“) } [6]
il o

Upon rearrangement, we have the following rel ation between
the total applied stress and the mechanical threshold stress
(oy) at a constant structure:

ﬂ:[l_ KT |né‘_0ﬂq}ﬂp.ﬁzs.ﬁ (7]
M goub® & Mo Mo

The second term on the right-hand side of Eq. [4] describes
therate dependence of theyield stressmainly duetointrinsic
barriers, such as the strong Peierls stress in bcc materials at
low temperatures or high strain rates; it is, further, assumed
that this term does not evolve after yielding. The structure
term (o,.) in Eq. [4] evolves with strain due to dislocation
accumulation (work hardening) and annihilation (recovery).
This structural evolution (6 = do,/de) is represented by a
competition between the hardening (6,) due to dislocation
accumulation and softening (— 6;) resulting from dynamic
recovery (dislocation annihilation and rearrangement), and
is written as

0= 0 — 6T, 8]

The physical understanding of the work-hardening behavior
of polycrystalsis still inadequate to unify this complex pro-
cessand represent it entirely by physically based parameters.
Follansbee and Kockd®) chose the following form to fit
their experimental hardening data:

ta“h[“ e T)] (9]
tanh(a)

0:00 1-—

where «, approaching zero, represents a linear variation
of the strain-hardening rate with stress (Voce law).[3% The
saturation threshold stress (o) is a function of temperature
and strain rate. Kocks®® has proposed a description for &
that has the same form as that proposed by Haasen® for
the beginning of dynamic recovery. This relation, in turn,
was based on calculations by Schoeck and Seeger!®*” of the
stress dependence of the activation energy for cross-dlip in
fcc metals, written as

O, = frﬁo(.i> [10]
€50

where m = KT/go.sub3, €., Jossr aNd T are constants.
The shear modulus was cal culated for fcc materials using
the formula

= Cu- (Cu— Cp)2 [11]

where C; are the elastic constants.!®¥ For simplicity, an
empirical equation® was used to fit the data to incorporate
the temperature dependence of w, in the form of
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Fig. 2—Plot of the quasi-static stress-strain response of MONEL 400 as
a function of grain size.

D

M= py — [12]
exp To -1
#
The temperature-dependent shear modulus of Ni was used
herefor MONEL 400, whichislargely Ni-based, using xo =
85.09 GPa, D = 9.132 GPa, and Ty = 269 K.

The experimental data at strainslessthan 0.2 were treated
asan isothermal condition for all strain rates, independent of
the constitutive model employed.[*?! The effect of adiabatic
heating at high strain rates was similarly neglected for low
strains. Inthe MTS model, an additional equation is utilized
to calculate adiabatic heating effects. The temperature rise
for tests at strain rates above 500 s can be calculated,
assuming a certain percentage (V) of the work of plastic
deformation is converted into heat, according to

AT = na J ode [13]
PCo

where o and ¢ are the true stress and strain, respectively, p

is the density, and C, is the heat capacity, which can be

written in the form of Ay + A; - T + AYT2M

V. RESULTS

A. Sress-Strain Response

The experimentally measured true stress-true strain
response of MONEL 400, deformed quasi-statically at 298
and 77 K, isplotted in Figures 2 and 3, respectively. Increas-
ing the grain size from 9.5 to 202 um is seen to reduce the
quasi-static yield strength from 290 to 130 M Pa, while hav-
ing a minimal effect on the work-hardening response of
MONEL 400, i.e., the stress-strain curves for al the grain
sizes are essentially parallel. The yield strength at 77 K is,
similarly, seen to decrease with increasing grain size,
although at higher absolute-strength levels from 325 to 225
MPafor grain sizesfrom 12 to 93 um. The strain-hardening
response at 77 K was aso seen to be independent of grain
size. Increasing the strain rate from quasi-static to dynamic
strain rates is seen to increase yield and overall flow-stress
levels, but has no effect on the strong grain-size dependence
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Fig. 3—Plot of the quasi-static stress-strain response of MONEL 400 at
77 K as afunction of grain size.

800 [T T
F MONEL 400
700 F 3000 s, 298K e
N T e ) ]
600 [ - 7
r - ]
w 500 [ -
2 400 F . 3
o) Grain Size ]
300 3
--------- 95um — —-93um |1
200 —-12pm e e - 174 pm |
— --19um —— -202 pm | ]
100 ——51um B
0 P T ST T N T S ST R T T ]
0 0.05 0.1 0.15 0.2

€

Fig. 4—Plot of the high-strain-rate stress-strain response of MONEL 400
as a function of grain size.

exhibited by this aloy, as shown in Figure 4. The work-
hardening rate at high strain rates was, again, seen to remain
invariant as a function of grain size.

The yield and flow-stress levels and hardening response
exhibited at a given grain size were found to be similar for
high-strain-rate and low-temperature deformation, as seen
in Figure 5. Low-temperature loading displays asimilar rate
of strain hardening to that seen under quasi-static loading
at true strains of <10 pct. At higher strains, the stress-
strain behaviors diverge as the hardening rate decreases,
with increasing strain under quasi-static loading at 298 K.
This divergencein hardening response is consistent with the
suppression of dynamic recovery processes with increasing
strain rate or decreased temperature.[*243 To assesstheinflu-
ence of the total dislocation density and the transition to a
greater influence of recovery processes on flow behavior,
the stress-strain response of MONEL 400 at two grain sizes
was measured to higher strain levels. As shown in Figure
6, the stress-strain behavior for both the 12- and 174-um
grain sizes is seen to exhibit a nearly fixed offset, with no
evidence of convergence at higher strain levels.
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Fig. 5—Stress-strain response of MONEL 400 with a 93-um grain size as
a function of strain rate and temperature.
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Fig. 6—Plot of the stress-strain response of MONEL 400 at two different
grain sizes incrementally reloaded to large strains.

The variation of the quasi-static yield strength with grain
size, at room temperature, is shown in Figure 7. The grain
sizes are plotted as functions of three different exponents,
according to Eq. [1], allowing the correlation for al three
exponents to be viewed on a single plot. As has been sug-
gestedintheliterature, reasonably straight-line dependencies
of the yield stress, when plotted as stress vs d", can be
obtained for n values ranging from n = —1 to —1/3.%2
The least-squares fitting correlation coefficients were found
to be 0.994, 0.992, and 0.984 for then = —1, —1/2, and
—1/3 exponents, respectively. Based solely on the highest
correlation, selection of the n = —1 exponent is indicated,
although the correlation factors for either of the other two
exponents are also >0.98. However, the deviations for n <
1 are systematic, as indicated by the curvature implied by
the points themselves. The influence of strain rate on the
grain size-yield stress variation is examined and shown in
Figure 8. At strain rates of 0.001 and 3000 s, both at 298
K, the slopes of these two correlations, which are a measure
of the k, term in Eq. [1], are seen to be virtually identical.
The friction-stress term (o) approximately doubles upon
increasing the strain rate by seven orders of magnitude. The
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Fig. 7—Hall—Petch plot of MONEL 400 deformed at a quasi-static strain
rate as a function of the Hall—Petch coefficient, where the average grain
size is in microns.
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Fig. 8—Hall—Petch plot of yield stresses at 77 and 298 K vs d~?, where
the grain size is given in units of meters, for MONEL 400 under both
quasi-static and dynamic loading conditions.

Tablelll. Effect of Strain Rate and Temperature on the
o, and k, Terms for MONEL 400
,jJ —

Strain Rate/ d-® d*

Temperature oy (MPa) k, (MN/m*?) oy (MPa) k, (MN/m)
1073 571298 K 94.5 0.502 124 0.00150
3000 s7Y/298 K 163 0.557 202 0.00153
103 sY77 K 164 0.555 201 0.00152

Hall—Petch plot of the grain size vs yield strength at 77 K
is also given in Figure 8. The k, and o, terms for quasi-
static deformation at 77 K are almost identical to the same
termsfor deformation at 3000 s~ and 298 K. The parameters
for the Hall —Petch correl ations as afunction of testing condi-
tions are summarized in Table I11.

B. Deformation Substructure

The substructure of MONEL 400 was seen to change
from an initially low disocation density after annealing to

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 9—TEM bright-field micrograph of the as-rolled MONEL 400 showing (a) the equiaxed grain structure with low dislocation density and (b) the low

initial dislocation density in the annealed starting material.

one of dense dislocation structures, the morphol ogy of which
was dependent on (1) the starting grain size, (2) the applied
strain rate and temperature, and (3) the position within the
grain interior or adjacent to the grain boundaries, as in the
case of the coarse-grained samples. Figure 9(a) shows the
fine, equiaxed grain structure of the as-rolled MONEL 400
specimens. Figure 9(b) reveals the low overall dislocation
density resulting from the hot-rolling fabrication. No evi-
dence of residual subgrains or dislocation networks, which
might have indicated only partia recovery or incomplete
recrystallization, were seen in the starting hot-rolled bar or
following any subsequent annealing treatment.

The general substructure evolution in MONEL 400 was
seen to consist of dislocation tangles and/or dislocation cells
for all temperatures, strain rates, and grain sizes. No evidence
of planar or coarse linear-dip arrays were observed in
MONEL 400, irrespective of grain size. Increasing the strain
rate or decreasing the temperature was seen to alter the cell
morphology from that of well-formed cells following quasi-
static ambient temperature straining to that of more-loosely
connected dislocation tangles under either dynamic loading
or testing at 77 K. This observation is consistent with the
documented suppression of dynamic recovery processes,
with increasing strain rate and/or decreasing temperature
resulting from reduced cross-slip and dislocation rearrange-
ment.[*? No deformation twins were observed following any
strain-rate/temperature-loading conditions.

Themorphology of the substructure was seento bereason-
ably uniform within the grainsin MONEL 400 at grain sizes
below 51 um, but exhibited pronounced differences between
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the grain interior and adjacent to the grain boundaries or
near grain-boundary triple points at grain sizes greater than
or equal to 93 um. Well-formed dislocation cells were evi-
dent in the interior of the 93-um sample following quasi-
static deformation to a true strain of 20 pct (Figure 10(a)),
while more-intense planar slip and microbands* were
found adjacent to many grain boundaries (Figure 10(b)).
Elastic and plastic compatibility effects, including local-
image stresses, can limit cross-slip and secondary dlip in the
vicinity of grain boundaries but enhance the degree of pri-
mary dlip in these regions.[d

C. Constitutive Relations

Description of the congtitutive response of MONEL 400
using the MTS model requires systematic identification and
model fitting to capture the athermal and thermal contribu-
tions to the flow stress, as stated in Eq. [4]. This includes
the flow stresses arising from different types of obstacles,
including the systematic influence of grain sizein the current
study. The athermal stress term arises from the interaction
of dislocationswith long-range barriers such as grain bound-
aries or distinct reinforcements, asis the case in composites.
Experiments over a wide range of temperatures must be
conducted to accurately determine the absolute value of the
athermal stress component for a material. The stress-strain
behavior as afunction of grain size, temperature, and strain
rate provides a rough estimate of the athermal stress. The
yield stress values measured in several low-strain-rate tests
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Fig. 10—TEM bright-field micrograph of the 93-um grain size MONEL 400 following deformation at a strain rate of 1073 s* at 298 K to a true strain
of 20 pct showing (a) dislocation cells and (b) more intense slip activity and microbands adjoining a grain boundary.

for various grain sizes are plotted in Figure 8. The extrapola-
tion of the fitted curve to very large grain sizes suggests
that the yield stress is about 90 MPa, assuming the grain
size approachesinfinity. At this point, the major contribution
to the athermal stress due to the grain size vanishes. As
such, this yield stress becomes a reasonabl e estimate of the
maximum thermal component for this material without a
grain-size effect. The yield stress of the 51 um-—grain-size
MONEL 400 sample, deformed at room temperature and at
a low dtrain rate, was 164 MPa. Taking the difference
between the measured yield stress of 164 M Pa and the maxi-
mum thermal component of 90 MPa gives a value of 74
MPa for the 51-um MONEL 400 athermal term.

The second term on the right-hand side of Eq. [4] repre-
sents the thermal contribution to the yield stress above the
athermal contribution. For subsegquent analysis, it isassumed
that this term does not evolve with strain. In well-annealed
materials, theinitia dislocation density is sufficiently small
that the contribution from the strain-hardening term at very
low strains can be neglected. By plotting the yield stress
(oy) as afunction of the normalized activation energy (KT/
ub? - In(gq/£)), the corresponding parameterswhich describe
the deviation from the mechanical threshold as a function of
temperature and strain rate can be determined. The governing
Egs. [4] and [7] can be rearranged as

pi ~ \Pi .\ Vi ~ \Pi
Oy~ 0a\ _ (&) _ (KT g\ (&)
( Z ) (#o) (ElloiM'OSIn 8) (Me) -

where &g is an adjustable parameter. An optimum value of
&g ischosen such that it will collapse all the data at different
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temperatures and strain rates onto a single curve. The term
Ooi IS the normalized activation energy for this process, in
units of ub®, and is also an indication of the sensitivity to
changes in temperature and strain rate. The terms p; and q;
are parameters with therangeof 0 <p =landl =g =
2, which define the glide-resistance profile in the higher-
and lower-activation-energy regions, respectively.’ The
result of this analysis for the 51 um-—grain-size materia is
shown in Figure 11. Within the range investigated, the yield
stress is dependent on temperature and strain rate.

The next step in the development of a complete constitu-
tive description using the MTS model is the evaluation of
the strain hardening dueto disl ocation storage. The constants
used in Egs. [4] and [7] through [10] are determined from
the experimental data. For each ofe) curve, a corresponding
MTS (o1(¢)) is derived. A series of reloading tests are con-
ducted wherein the material isloaded to a certain deforma-
tion state and unloaded; then, this structure is reloaded at
different temperatures at afixed strain rate. The reload yield
stress is then plotted according to Eq. [14]. The MTS for
theinitial structure can then be determined by extrapolating
the curve to 0 K. This procedure is repeated for other struc-
ture states, namely, to different strains under a given set of
test conditions; o(¢) can, thereby, be constructed. A detailed
explanation of this process has been described previously.!*
Results of this systematic data-reduction procedure will
result in the determination of al the needed constants for
the MTS model.

An alternate approach, to shorten this rigorous process,
is to use some of the constants derived for OFE (oxygen-
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Fig. 11—Yield stresses of the 51-um grain size material plotted according
to Eq. [14].
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Fig. 12—The stress-strain curves of 51-um grain size MONEL 400 with
the fit to the MTS model, with the open circles representing the best fit
to large strains.

free electronic) copper as a first approximation using the
previous method, which characterize dislocation interactions
with other dislocations, mainly, forest dislocations. The con-
stants in the S, factor for copper were &o, = 10" s7%, go, =
1.6, p, = 2/3,and q, = 1, go.. being the most-critical parame-
ter.5% Using these values, the calculation of &(g) from o(g)
is then done according to Egs. [4] and [7]. The hardening
curve at 0 K wasfitted to Eq. [9] to obtain theinitial harden-
ing rate and saturation stress of the mechanical threshold.
Due to the similarity in the mechanical behavior of OFE-
Cu with that measured for MONEL 400, the same relation
between 6, and &, derived for OFE-Cu in a form of (3

6=A+B-lng+C- [ [15]
was applied to the experimental data here. The saturation
stresses at 0 K, fitted for each test condition, are plotted
according to Eq. [10] to derive the remaining parameters.
The model-fitting results for MONEL 400, with agrain size

of 51 um, areshownin Figure 12 (open circles). An adiabatic
calculation was performed for a high-rate room-temperature
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condition and is plotted in Figure 12 as the filled diamonds.
It is seen that the adiabatic effect is minimal at strains less
then 0.2. The constants derived for the MTS model for
MONEL 400 are summarized in Table IV.

For the purpose of illustration, the grain-size effect in
MONEL 400 is accounted for in the MTS model, with the
athermal stress component being inversely proportiona to
the grain diameter (d, measured in meters):

O3 = 0p + E}’ [16]

d

From the plot in Figure 8, and assuming that the only factor
affecting theyield stressat aconstant strain rate and tempera-
tureisdueto changesin grain size, avalue of 90 MPa, which
represents the thermal componentis, is subtracted from the
yield stresses. The stress-strain curves, with calculated val-
ues at 25 °C and 1072 s7%, are plotted in Figure 13. It is not
surprising to observe that an excellent agreement is achieved
between the fitted curve and the experimental data, since
the grain-size effect was derived from this specific testing
condition. Figure 14 shows the calculated curves for the
dynamic testing condition at 25 °C. The grain-size effect is
also well reproduced in this instance, along with the stress
levels and the strain-hardening behavior. This plot estab-
lishesthe applicability of aHall—Petch relation in describing
the grain-size effect on the stress-strain behavior of MONEL
400. In addition, it demonstrates the flexibility of the MTS
model to incorporate a new microstructural variable (i.e., a
grain-size effect), since the model is based upon the physical
processes describing dislocation kinetics.

V. DISCUSSION

A. Stress-Srain Response

Grain boundaries have been rationalized to harden metals,
because (1) the internal elastic stresses resisting plastic flow
are greater in the vicinity of boundaries, and (2) the defect
structures are more complex at lower overall strains near
grain boundaries than in the grain interior.? These defect
structures (secondary dislocations, microbands, tangles, etc.)
increase the local flow stress necessary to penetrate this
boundary layer, and, potentialy, suppress the operation of
dislocation sourcesat the boundary during subsequent plastic
straining. The observations of grain-size effects on theyield
and continued flow-stress response of MONEL 400 in this
study, as a function of strain rate and temperature, provide
(1) points of comparison to previous studies probing experi-
mental |oading-parameter effects on grain-size correlations,
and (2) some insights into the applicability of various con-
ceptual frameworks to describe grain-size effects on yield
and work-hardening behavior.

First, the effect of grain size on the yield strength, as
shown in Figures 2 and 4, and the dependence of strain
hardening asafunction of temperature and strain rate (Figure
5) for a fixed grain size, suggest that contributions from
athermal, as well as thermal, effects must be included in
any modeling assessment of MONEL 400. The absolute
magnitudes and similarities of the Hall-Petch parameters
for d¥2, listed in Table Ill, are consistent with previous
values reflecting the effect of loading variables and material
aloying on the magnitude of grain-size effects. The overal
values of oy and kK, (oo = 94.5 MPaand k, = 0. 502 MN/
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TablelV. Parametersfor the MTS model for MONEL 400

Equation Parameter Values Units Equation Parameter Values Units
12 o 85.09 GPa 4,7 q 1 —
P D 9.132 GPa S, 0. 23 —
To 269 K 15 A 3363.1 MPa
7,10 k 1.38 X 10°® JK 6o B 47931 MPas™t
b 249 x 10710 m C 7.4069 MPa-s~ 2
4,16 o) 34 MPa [ a 1 —
oA K, 0.0015 MN/m 10 Ooes 0.37 —
4,7 o; 190.2 MPa T.s 0.0 1030 MPa
a, S éo] 107 571 .8085 107 371
% 0.5391 — 13 P 8.9 Mg/m?
g 32 — AT Ao 0.1565 JgK
D 12 — A 0.0007 JgK?
4,7 T 107 st A, 7059.6 JK3/g
S, Q. 16 _ v 0.95 —
1000 T seento be considerably higher than those previously reported
| MONEL400 for the pure constituents in this alloy, i.e., nickel (oo = 34
800 | T=12§§ :_1 ] MPa and k, = 0.22 MN/m~32),[ pure copper (oo = 26
=

o MTS Model
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Fig. 13—The stress-strain curves of MONEL 400 compressed at 25 °C at
103 s having various grain sizes, with the fit to the MTS model as the
open circles.
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Fig. 14—The stress-strain curves of MONEL 400 deformed at 25 °C under
high strain rates having various grain sizes, with the fit to the MTS model
as the open circles.

m~%?) determined for room-temperature quasi-static defor-
mation of MONEL 400, assuming a d~Y? correlation, are
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MPa and k, = 0.12 MN/m~3?),[1l or also for coppert??
(k, of 0.278 MN/m~%2). A large degree of solid-solution
hardening, such asin the current aloy, isthought to increase
the values of both o, and k, due to solute pinning of disloca-
tions, as observed previously for Cu-Zn and Cu-Ni alloys.[29
For a Cu-29Ni-29Zn alloy, where the alloy additions make
this aloy somewhat similar, but reversed, in terms of the
dominant constituent, the Hall—Petch parameters correlated
to d"¥? (op = 79 MPaand k, = 0.579 MN/m~¥2) [0 gre
very similar to the values measured here for MONEL 400.
Thetransition in hardening responsein MONEL 400 at large
strains to a stable stage |V behavior is also consistent with
known solute effects on hardening behavior.[*)

Given the superior correlation between d=* for (1) the
yield stresses of Monel 400 across the entire range of strain
rates and temperatures studied, and (2) the modeling link
between d~! grain-size dependency and a sustained grain-
size effect to large plastic strains, Table 111 also contains the
Hall—Petch parameters for d 1.

The MONEL 400 datain Figure 7, in particul ar, the curva-
turesinthelinear fitsto various Hall—Petch powers, suggests
several points. In pure fcc metals such as Ni* and Cu, (22
grain-size studies have shown that the initial yield strength
varies linearly with the inverse of the square root of the
grain size. However, the Hall-Petch n value for MONEL
400 exhibitsthe best linear correlation for n = 1, rather than
the classical n = 1/2. This hardening coefficient, in addition
to the temperature- and strain rate—dependent work-
hardening rates for a fixed grain size and the persistent
influence of grain size to large plastic strains, suggests that
a direct description of grain-size hardening in Monel 400
based upon a “classical” dislocation-source activation and/
or pileup mechanism, consistent with an n = 1/2 correlation,
is not supported in the current experimental study.

Alternately, a work hardening—based modeling ratio-
nale*®l for grain size-dependent strengthening of polycrys-
tals, as previously published in the literature, is consistent
with the current experimental observations on MONEL 400.
The independence of the work-hardening rate in MONEL
400 on grain size is similar to that displayed by OFE cop-
per!?2l Upon continued deformation, i.e., plastic strains
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above 0.3, dense dislocation tangles and arrays in the grain
interiors, such as those seen in Figure 10, are expected
to exert a dominating influence on the plastic deformation
behavior. The substructural evolution differences between
the grain interiors and adjacent to grain boundaries in
MONEL 400 supports differential defect storage processes
which are consistent with the previously published work-
hardening modeling arguments.!*® I nterestingly, these differ-
ences in dislocation morphology were most evident at grain
Sizes greater than 93 um, coincident with the curvature
exhibited in the Hall-Petch correlations in Figure 7. This
alteration in the Hall-Petch power as a function of grain
sizeis similar to the previous experimental results of Hecker
et al.[*8 The differential grain interior—hardening vs grain
boundary—hardening approach, as derived by Mecking,[*®!
predicts a d~* dependency which is also consistent with the
observed differencesin dislocation substructures adjacent to
grain boundaries. Conceptually, the composite-region mod-
eling of grain behavior discussed previously®® will not
break down, due to an increased dislocation density in the
grain interior due to the persistent influence of the grain
boundaries on local dislocation motion. However, because
this model is derived on athermal differences between the
hardening resistance in the grain interior and near bound-
aries, some influence of both dynamic recovery and total
dislocation density on hardening should be important. Once
dynamic recovery processes have become important, such
as that indicated by the decrease in strain-hardening rates,
as shown in Figure 6, at strains >0.6 for MONEL 400,
the stress-strain response might be expected to converge at
higher strains (or high dislocation densities), which was
not observed.

The substructural observations in MONEL 400, when
taken with the persistent grain-size effect to large strains,
supports the premise that the differential hardening response
proposed in the “composite-grain” framework persists. This
difference in the grain-size response for MONEL 400 com-
pared to that of pure copper®™® suggests that alloying also
plays astrong rolein recovery processes relevant to harden-
ing. As saturation is approached in pure copper, differences
in dynamic recovery, as a function of grain size, result in
convergence of the stress-strain curves for different grain
sizes. Conversely, in MONEL 400, the higher initial harden-
ing rates for smaller grain sizes is seen to persist to larger
strains. This is consistent with the effect of alloying in
MONEL 400 in suppressing dynamic recovery processes.
A reduction in recovery processes is consistent with both a
transition to stable stage IV hardening in MONEL 400 and
the persistent offset in flow-stress levels as a function of
grain size to large strains. The current MONEL 400 results
suggest that the absolute magnitude of k, should be signifi-
cantly increased by aloying in fcc metals and, to a lesser
degree, by either temperature or strain rate.

B. Consgtitutive Modeling

In the current study, the MTS model has been shown
to be capable of simultaneously capturing the influence of
changes in strain rate, temperature, as well as grain size,
using a d! correlation, on the constitutive behavior of
MONEL 400. In terms of modeling, the influence of grain
size correlates with an alteration in the athermal stress, as
previously suggested for grain size.[*% Also consistent with
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Fig. 15—Calculation of the MTS model and comparison with experimental
results of the 51-um MONEL 400 for a strain rate change from 102 to
10"t stat astrain of 0.25 at 25 °C.

previous studies, M the variations in strain rate and tempera-
ture of loading were seen to have a small effect on the k
term. The modeling results for MONEL 400 illustrate that
grain-size effects can be readily incorporated into material-
constitutive models. However, a robust material-modeling
capability first requires an accurate description of yielding
and hardening behavior.

It is generally accepted that, at large plastic strains, the
stress-strain curves for disordered metals and alloys tend to
approach a finite “saturation stress,” due to the effects of
dynamic recovery processes achieving a balance with dislo-
cation storage.®™ The MTS model uses a differential form,
as written in Eq. [9], to fit to the experimental constitutive
data. The “ill-defined” integrated strain (from the entire
previous deformation history) is, thereby, avoided. The
parameter « in Eq. [9] describes the rate at which a material
reaches saturation. With the saturation concept and a differ-
ential form of hardening law in place, the data obtained
under well-controlled conditions is sufficient to derive all
the parameters used in Eq. [9].

In addition to a physically based approach to modeling,
the balance between work hardening and dynamic recovery
processes is a question of path-dependent changes in strain
rate and temperature, when taken collectively with athermal
stress effects such as grain size. One of the physically realis-
tic attributes encompassed in the M TS model isits capability
to calculate flow-stress changes resulting from an arbitrary
dteration in strain rate and temperature path. The current
structure is characterized by the mechanical threshold. The
structural evolution iswritten as a differential form to elimi-
nate the history effect that is usually associated with sub-
structure, when strain is used as a “state” parameter in the
model. Two examples of strain rate—change experiments and
the predictions of the MTS model are shown in Figures 15
and 16. In Figure 15, a sample was deformed at 25 °C and
1073 s~ ! to astrain of 0.25, then the strain rate was changed
abruptly to 10~* s™1. The open symbols are the stress-strain
response of thematerial, whilethe solid lineisthe calculation
from the MTS model. At the point of the strain-rate change
in the experiment, where the material structure is constant,
the increase in the stress is totally due to the change in
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Fig. 16—Calculation of the MTS model and comparison with experimental
results of the 51-um MONEL 400 for a strain rate change from 2600 to
10~3s ! at astrain of 0.165. Curve “r” shows the experimentally measured
response of a sample dynamically prestrained at 2600 s™* followed by
reloading at 0.001 s* at 298 K.

deformation condition. The changein strain rate (or tempera-
ture) at agiven structureresultsin changesof S and S, (Egs.
[4] and [8]), as described in the MTS model. These factors
determine how much change in stress level accompanies a
change in strain rate or temperature in the go term. In this
article, g was calculated from the plot of the yield stress
vs normalized activation energy (Figure 11), while g,, was
assumed to be the same as OFE Cu, which is 1.6.

The agreement between the experiment and prediction,
shown in Figure 15, suggests that the assumption of go,
being similar to OFE Cu is reasonable. The new structure
evolution was then cal culated according to Eq. [9], applying
an infinitessimal change in strain. The saturation stress used
in this equation was updated using Eq. [10] at a new strain
rate. Mechanistically, this means that the structure in the
material will gradually transition to the structure typical of
the yield surface, had the sample been deformed at the new
strain rate from the very beginning. Strain-rate jump tests,
therefore, provideinput datafrom which to iterate and obtain
the activation volume value for the process of glide disloca
tions interacting with forest dislocations. To obtain the acti-
vation volume otherwise would require many rel oading tests,
as described in the original article by Follansbee and
Kocks.2

Utilization of strain as a state variable requires that the
structure described (i.e., position of the yield surface) will
immediately change to that obtained for a sample deformed
at anew strain rate or temperature from the very beginning.
Accordingly, history or “path-dependent” property effects
cannot bereadily separated in those models. Another illustra-
tion of this point is provided in Figure 16, where a dynami-
caly prestrained sample was reloaded quasi-staticaly,
thereby achieving several orders of magnitude change in
strain rate, being loading steps. The long dashed line in this
figure represents the calculated stress-strain response under
adiabatic conditions to a large strain. The short dashed line
isthe calculated stress-strain curve under quasi-static condi-
tions, where temperature is constant. The solid line is the
MTS modéel prediction for a sample deformed adiabatically
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at a high strain rate to a strain of 0.165. After the strain-
rate change, the calculation is resumed at 25 °C at a strain
rate of 1072 s7%; this is illustrated by the remainder of the
solid linein Figure 16. The open circles represent the experi-
mental stress-strain behavior for the sample subjected to the
previously defined strain-rate path change, while the open
circles, labeled “r,” represent the mechanical response when
the sample prestrained at 2600 s! is reloaded quasi-
statically. The agreement between the M TS model prediction
and the experimental data demonstrates, additionaly, the
ability of the MTS model to satisfactorily capture path-
dependent phenomena and grain-size dependency
simultaneoudly.

VI. SUMMARY AND CONCLUSIONS

Based on a study of the influence of grain size on the
strain-rate dependence of the flow stress for MONEL 400,
the following conclusions can be drawn.

1. The influence of grain size on the mechanical behavior
of MONEL 400 is shown to be due to an athermal d*
contribution to the flow stress of MONEL 400, which is
persistent to large plastic strains. The persistent influence
of grain size to large strainsis inconsistent with previous
d~Y2 pileup grain-size modeling in the literature, which
predicts convergence at large strains. Substructural evolu-
tion differences between the grain interiors and adjacent
to grain boundaries supports differential defect storage
processes which are consistent with previously published
work-hardening d—* modeling arguments for grain size—
dependent strengthening in polycrystals.

2. The strain rate and temperature sensitivity of the flow
stress and the insensitivity of the strain-hardening rate
indicate that thermally activated dislocation dlip is the
rate-controlling mechanism for deformation in MONEL
400 in the temperature regime from 77 to 873 K.

3. TheMTSmodel overall isshown to provide robust fitting
resultsto both yield and large strain constitutive response,
simultaneously, as a function of temperature, strain rate,
and grain size using a d™* correlation, as well as to
satisfactorily address the experimentally observed tran-
sients due to strain-rate or temperature-path dependency.
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