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Plastic straining can initiate and propagate abnormal grains at temperatures significantly lower
than is possible by static annealing. This phenomenon is termed dynamic abnormal grain
growth (DAGG). Experiments that produce DAGG in commercial-purity molybdenum sheet
materials are used to study the initiation and propagation of abnormal grains by plastic
straining at temperatures from 1673 K to 2073 K (1400 °C to 1800 °C). The minimum strain
necessary to initiate DAGG, termed the critical strain, decreases approximately linearly with
increasing temperature. The variation in critical strain values observed at a single temperature
and strain rate is well described by a normal distribution. An increased fraction of grains aligned
with the (110) along the tensile axis, a preferred orientation for DAGG grains, appears to
decrease the critical strain for DAGG initiation. DAGG grains preferentially grow into the
finest-grained polycrystalline regions, which suggests that the driving force for DAGG
propagation is primarily from grain-boundary curvature. No effects of local crystallographic
texture variation on growth are evident in microstructures containing DAGG grains. Together,
these observations support the hypothesis that plastic straining during DAGG acts primarily to
increase boundary mobility, rather than to increase the driving force for boundary migration.
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I. INTRODUCTION

ABNORMAL grain growth (AGG) is the process of
one or a few grains rapidly growing in size by consuming
many surrounding smaller grains.!"*) This typically
produces a microstructure that contains one or a few
grains many times larger than the original grain size.l* ®
In the most extreme case, AGG can produce a single
crystal.l”®! For some applications, such as directionally
oriented silicon steels, the large grains produced by
AGG are very desirable.””’ However, AGG is typically
undesirable in structural materials because the resulting
large grains reduce part strength.'” These effects
motivate our desire to understand AGG phenomena
sufficiently to both predict and control them. The
current understdndm% of these phenomena is, unfortu-
nately, incomplete.''] The present study endeavors to
extend our understanding of the subset of AGG
phenomena that occur during plastic straining at ele-
vated temperatures.

Two distinct categories of AGG phenomena are
known: static abnormal grain growth (SAGG) and
dynarnrc abnormal grain growth (DAGG).">'" SAGG
is defined as AGG that occurs without any concurrent
pldSth straining, i.e., under static conditions.!'”! SAGG
in bulk metallic materlals is controlled primarily by a
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combination of %raln -boundary energy,!'>'® stored

dislocation energy,!'”'® and texture.!'"!: y Most inves-
tigations of AGG described in the literature deal
exclusively wrth SAGG. DAGG is a recently discovered
phenomenon!'? defined as AGG that occurs during
concurrent plastic straining, i.e., under dynamic condi-
tions. Several important features distinguish DAGG
from SAGG. The most striking are that DAGG occurs
at much lower tem Eeratures and proceeds more rapidly
than SAGG.'>' DAGG has been definitively
observed in the two BCC refractory metals Mo and
Ta.l'>' In Mo, abnormal grains were grown by
DAGG at rates of up to 0.5 mm s~! and to lengths as
long as 10 cm.!"* This maximum size was restricted only
by the physical limitations of the testing apparatus.
DAGG is illustrated through the example shown in
Figure 1. These data are from tensile tests of a
commercial-purity Mo sheet conducted at a constant
true-strain rate of 10 =% s~ and a constant temperature
of 1923 K (1650 °C). As the true-stress vs true-strain plot
in Figure 1(a) demonstrates, this material initially
displays the high-temperature polycrystalline creep
deformation expected for these conditions.”!! However,
after accumulating a critical strain, &, a dramatic drop
in flow stress occurs. The drop in flow stress from the
value labeled as o, corresponds with the initiation of
DAGG. If tensile straining is terminated shortly after ¢,
DAGG will typically cease, and a DAGG grain, or
grains, that has partially consumed the gage region will
remain. Such a case is shown in the polished and etched
tensile coupon of Figure 1(b). This demonstrates the
importance of concurrent plastic deformation to
DAGG. If tensile straining were continued, the DAGG
grain would continue to propagate along the gage length
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Fig. 1—Data from a constant true-strain rate tensile test at 10~* s~ and 1923 K (1650 °C) of the commercial-purity Mo PMB material that
produced DAGG are provided. Shown are («) a graph of true stress vs true strain, () a macroetched tensile specimen tested until shortly after
DAGG initiation, and (¢) a macroetched tensile specimen with a DAGG grain that was strained until specimen rupture. The schematic shown in
(d) indicates the orientation of the specimen’s tensile direction (TD) and tensile long transverse direction (TLTD) with respect to the sheet’s final

rolling direction (RD) and long transverse direction (LTD).

until its polycrystalline microstructure was completely
consumed. Once an abnormal grain, or grains, com-
pletely consumes the polycrystalline microstructure of
the gage region, DAGG is complete. As shown by the
polished and etched tensile coupon in Figure 1(c), tensile
deformation after DAGG completion plastically
deforms the abnormal grain(s) until specimen rupture.
The DAGG grain does not penetrate significantly into
the tensile coupon grip, where little plastic straining
occurs.

DAGG was previously observed in two Mo sheet
materials.!'¥ These sheet materials were designated Mo
AM and Mo PM because they were produced by
arc-melting and powder-metallurgy techniques, respec-
tively. DAGG was also observed in a Ta sheet mate-
rial.'" DAGG in all these materials has the following
characteristics in common:

1. The distance a DAGG grain boundary propagates
is a direct function of plastic strain accumulation
during the stress drop, not time.

2. DAGG grains are preferentially oriented with the
(110) approximately along the tensile direction.

3. DAGG is impeded by large grains.

4. ¢ does not vary significantly with strain rate within
the range of strain rates studied.

& was observed to decrease with increasing temperature
in Mo. Although this relationship was not observed in
Ta, it is thought that excessive normal grain growth
prior to DAGG initiation in Ta is the reason for this
negative result.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Many unanswered questions remain for the mecha-
nisms that control DAGG initiation and propagation.
This study is intended to answer the following specific
questions regarding DAGG:

1. How does temperature affect ¢.?

2. What is the statistical variation in & for constant
test conditions?

3. How do the initiation and growth of DAGG vary
with local microstructure?

A commercial-purity Mo sheet material previously
shown to exhibit negligible normal grain growth at
temperatures up to 2073 K (1800 °C)!"*! was selected to
study these questions. The use of this material avoids the
complications caused by normal grain growth prior to
DAGG and facilitates comparisons between DAGG
behaviors at different temperatures.

II. EXPERIMENTAL PROCEDURES

High-temperature tensile tests were performed on a
commercial-purity Mo sheet fabricated using pow-
der-metallurgy techniques and meeting the ASTM B
386, Grade 361 specification for commercially pure
Mo.*?! This sheet was rolled to a final thickness of 0.76
mm. Worthington ez al.l'* previously studied DAGG in
a similar commercial-purity Mo sheet fabricated using
powder-metallurgy techniques. This sheet met the same
ASTM B 386, Grade 361 specification for commercially
pure Mo?? and was rolled to the same final thickness.
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To distinguish between these two materials, both
obtained from the same producer, the Mo sheet material
studied by Worthington ez al.'¥is designated Mo PMA,
and the Mo sheet material of the present investigation is
designated Mo PMB. Although material production of
both Mo sheets may have involved cross-rolling, which
is known to be the case for the Mo PMA material, the
final rolling direction of each sheet was noted and used
as a reference for specimen directions.

The manufacturer’s maximum limits for chemical
impurities in the Mo PMB powder prior to consolida-
tion are shown in Table I by weight percent. The
concentrations of the light elements C, N, O, and S in
the final sheet material were determined independently
using an inert-gas-fusion technique.?*! For comparison,
the chemical content of the Mo PMA material is also
provided in Table I. Further information about the Mo
PMA material is available in reference.!'”

The Mo PMB sheet material was tested as pin-loaded
tensile coupons machined from the as-received material
with a gage length of 25.4 mm, a gage width of 6.4 mm,
a radius of 1.6 mm between the grip and gage regions,
and an as-received thickness of 0.76 mm. The pin
diameter was 6.15 mm. The specimen tensile axis
direction (TD) was perpendicular to the final sheet
rolling direction (RD) for all tests; see Figure 1(d).
Uniaxial tension tests were performed at a constant
true-strain rate of 10* s=! and constant temperatures
ranging from 1673 K to 2073 K (1400 °C to 1800 °C).
These tests used a computer-controlled, electromechan-
ical testing frame fitted to a vacuum furnace. This
furnace consistently achieved a vacuum of 107¢ Torr
during testing. Tungsten heating elements inside the
vacuum furnace heated specimens to each testing
temperature within a few minutes. The temperature of
the furnace hot zone was maintained to within +10 K of
the set temperature. This was determined through
separate temperature profiling experiments. Tensile
specimens remained entirely within the furnace hot zone
during testing and were attached by pins to tungsten pull
rods that exited the furnace through bellows assemblies.
Specimens were preheated to the testing temperatures
and held for 2 hours under a light load. After 2 hours,
thermal expansion of the tungsten pull rods effectively
ceased. This enabled accurate calculation of specimen
elongation from cross-head displacement during testing.
It is important to note that, because the recrystallization

temperature of commercial-purity Mo is between 1173
K and 1473 K (900 °C and 1200 °C),** all specimens
were fully recrystallized prior to tensile testing.

To provide a constant true-strain rate, the cross-head
displacement rate of the load frame was continuously
varied through computer control during testing. It was
assumed that the specimen deformed uniformly and
that the volume of the specimen gage length remained
constant. Measurements after testing indicate that these
assumptions are valid for strains up to nearly specimen
rupture. A load cell outside the furnace monitored
force on the pull rods throughout each test. The
displacement of the test frame cross-head was also
recorded during each test. Using data from calibration
experiments, these test data were corrected to remove
the effects of thermal expansion in the load train and
the forces from bellows that seal the entrance of the
load train into the furnace. These corrected data were
then used to calculate true stress and true strain
throughout each test.

Forty-seven (47) tensile tests in total were conducted
at temperatures from 1673 K to 2073 K (1400 °C to 1800
°C) on the Mo PMB sheet material, all at a constant
true-strain rate of 10~*s~!. These tests are summarized
in Table II. To characterize the early stages of DAGG,
twenty (20) tensile tests at 1923 K (1650 °C) and six (6)
tensile tests at 2073 K (1800 °C) were halted shortly after
DAGG initiation. The remaining twenty-one (21) tensile
tests were conducted to rupture. The tensile tests
conducted to rupture are designated elongation-to-fail-
ure, EF, tests. The tensile tests halted shortly after
DAGG initiation, shortly beyond e, are designated halt
tests. For the twenty-six (26) halt tests, the tensile load
was continuously monitored for the sharp drop in load
associated with the initiation of DAGG. When the
tensile load dropped to 95 pct of its maximum value
during the test, the control software program automat-
ically unloaded the test specimen. Once unloaded, the
furnace was turned off to cool the specimen while the
software program continuously adjusted the cross-head
position to prevent loading of the specimen during
thermal contraction of the load train. These procedures
were intended to preserve the microstructure produced
shortly after DAGG initiation for later characterization.

Microstructures of the Mo tensile coupons were
characterized after high-temperature testing using opti-
cal microscopy, scanning electron microscopy (SEM),

Table I. The Manufacturer’s Reported Chemical Composition of the Mo PMB Powder Prior to Consolidation Is Listed by Weight
Percent for all Elements Except C, N, O, and S

Mo PMB Mg Mn Ni Al
<0.001 <0.001 <0.002 <0.002
Si Sn Cr Fe
<0.003 <0.003 <0.005 <0.005

Mo PMA Mg Mn Ni Al
0.0004 0.0001 0.0002 0.0016
Si K Cr Fe
0.0023 0.0002 0.0007 0.0022

Cu Pb Ti Ca

<0.002 <0.002 <0.002 <0.003

C N (0) S Mo
10 ppm 10 ppm 40 ppm 10 ppm bal.
Na W Co Ca

0.0001 0.0034 0.0001 0.0005

C N (0) S Mo
<10 ppm <10 ppm 34 ppm — bal.

The composition of the Mo PMA sheet is listed by weight percent for all elements except C, N, O, and S. The measured concentrations of C, N, O,

and S in both sheets are shown in parts per million (ppm) by weight.
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Table II. The Elongation-to-Failure (EF) and Halt Tests for the Mo PMB Material Are Enumerated by Test Temperature

T (K) T (°C) Total Tests Halt Tests EF Tests DAGG Events
1673 1400 1 0 1 0

1723 1450 2 0 2 0

1823 1550 1 0 1 1

1873 1600 1 0 1 1

1923 1650 29 20 9 29

1973 1700 2 0 2 2

2073 1800 11 6 5 11

The number of tests that produced DAGG grains are indicated. All tests were at 10~4s~!.
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Fig. 2—True-stress vs true-strain data from tensile tests of Mo PMB at (a) 1923 K (1650 °C) and (b) 2073 K (1800 °C) are shown. Data from
the tests that produced DAGG at the lowest and highest critical strains, labeled ¢ and &**, are shown for each temperature. Histograms,
overlaid with probability density function curves spanning the 95 pct confidence interval, are shown under the tensile data. These histograms
indicate the number of DAGG events observed that initiated within each range of true-strain values. The shaded area under each probability

distribution function curve indicates the standard deviation.

and electron backscatter diffraction (EBSD). The crys-
tallographic orientations of large individual DAGG
grains were indexed using the Laue X-ray back-diffrac-
tion technique. For optical microscopy and Laue X-ray
back-diffraction, tensile coupons were ground, polished,
and subsequently etched in a solution of one part nitric
acid, one part sulfuric acid, and three parts water, by
volume. For EBSD and SEM observations, specimens
were ground and polished using standard techniques,
with final polishing carried out for extended times in a
colloidal silica suspension. EBSD data were collected on
an FEI XL30 ESEM (environmental SEM) operating at
20 kV using either Oxford HKL Channel5™ software or
HKL AZtec™ software.”” EBSD characterization was
performed using a step size of 2 um, 8 x 8 binning, and a
Hough space resolution of 60. Material from the grip
region, which reflects the undeformed, recrystallized
microstructure after time at temperature, was charac-
terized to document the microstructure produced by
static annealing. Material from the gage region was
characterized to document the deformed microstructure.
Average grain sizes, d, were measured from SEM
backscatter images using the lineal intercept method.®
Directional grain sizes were also measured from SEM
backscatter images along the tensile direction, drp,
tensile long transverse direction, dtitp, and short
transverse direction, dstp, using the directional lineal
intercept method.!*!

METALLURGICAL AND MATERIALS TRANSACTIONS A

III. RESULTS

A. Tensile Tests

DAGG was observed during forty-four (44) of the
forty-seven (47) high-temperature tensile tests per-
formed on Mo PMB. All tests at 1823 K (1550 °C)
and higher temperatures produced DAGG. Table II
enumerates the tensile tests that produced DAGG at
each testing temperature. Multiple tests were conducted
at 1923 K and 2073 K (1650 °C and 1800 °C) to provide
statistically meaningful data for analysis of the critical
strain, &, that defines the onset of DAGG. Examples of
the true-stress vs true-strain data from DAGG tests at
(a) 1923 K (1650 °C) and (b) 2073 K (1800 °C) are
shown in Figure 2. For each temperature, tensile
stress-strain data from the tests that produced DAGG
at the lowest and highest critical strains are shown. The
distribution of ¢ values at each temperature is shown by
a histogram inset within the respective stress-strain plot.
Each histogram displays a curve of the computed
normal probability density function (PDF) spanning
the 95 pct confidence interval in the ¢ data and a shaded
region beneath it spanning the range of the standard
deviation. A normal distribution function was chosen
for this analysis because it provides the simplest
meaningful model that reasonably represents these data.
Cumulative probability distribution functions (CDFs)
were calculated from the normal distributions of these ¢,
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data. A plot of the CDFs is provided in Figure 3.
Table III shows the average values of ¢, &', and the

average true stress immediately prior to e, ¢3'%, for
temperatures of 2073 K and 1923 K (1800 °C and 1650
°C). At each temperature, there is a significant variation
in & between individual tests. The range of values for o
is small at each testing temperatures. The values of ¢3¢
agree with values in the literature for the steady-state
flow stress of polycrystalline Mo at these tempera-
tures.?!*”! The values of ¢ for all tests that produced
DAGG in Mo PMB are shown as a function of
temperature in Figure 4. Data from the Mo PMA
material are also shown in Figure 4 for comparison. The
Mo PMA material demonstrates earlier initiation of
DAGG, i.e., smaller & values, than does the Mo PMB
material.

B. Morphologies of DAGG Grains

Approximately half of the halt tests were terminated
quickly enough after the stress drop at ¢ to produce
DAGG grains that did not grow through the specimen
thickness. In some of these test specimens, DAGG
grains were observed on only one of the two primary
sheet surfaces, while others contained different DAGG
grains on each of the two primary sheet surfaces.
DAGG grains that did not grow through the sheet
thickness are designated ‘“‘surface DAGG grains,” while
DAGG grains that grew through the specimen thickness
are designated ‘‘through-thickness DAGG grains.”
Figure 5 shows two tensile coupons containing DAGG
grains that are representative of these morphologies.
Both specimens were tested at 1923 K (1650 °C) and a
constant true-strain rate of 10~* s~'. The top and
bottom sheet surfaces of the tensile coupons are shown
beside optical photomicrographs of specimen cross

0.75
2073 K 1923 K
0.50 |

0.25

Probability of Initiation

0 L 1 1 1
0 0.05 0.10 0.15 0.20 0.25
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Fig. 3—Cumulative probability distribution functions (CDFs) for
DAGG initiation in Mo PMB are shown as functions of strain at
temperatures of 1923 K and 2073 K (1650 °C and 1800 °C).

sections: section A-A is perpendicular to the tensile
long transverse direction (TLTD), and section B-B is
perpendicular to the tensile direction (TD). The surface
DAGG grain in Figure 5(a) is clearly visible on the top
sheet surface of this specimen but does not appear on
the bottom sheet surface. sections A-A and B-B of
Figure 5(a) demonstrate that this DAGG grain grew
readily along the specimen TD and TLTD, but not
along the specimen short transverse direction (STD).
The through-thickness DAGG grain in Figure 5(b)
grew more readily near the sheet surfaces than near the
sheet center. Section A-A reveals this in the DAGG
grain’s “hourglass” shape that extends further along
the TD near either sheet surface than near the sheet
center.

C. Recrystallization Texture and DAGG Grain
Orientations

EBSD analysis from a cross section of the Mo PMB
sheet recrystallized at 1873 K (1600 °C) for two hours is
shown in Figure 6. These data show the primary
recrystallization texture of the Mo PMB material as
pole figures and an inverse pole figure (IPF) map
colored with respect to the TD. The texture at the
surface of the Mo PMB material is dominated by a
y-fiber, (111) parallel to the STD, with a weak a-fiber,
(110) parallel to the sheet rolling direction. Near the
sheet center, the majority y-fiber is stronger and the
minority o-fiber is weaker than near the sheet surface.
These are the only significant differences between the
textures near the sheet surface and near the sheet center.

Figure 7 presents the EBSD data from the cross
section of Figure 7 on inverse pole figures. Additionally,
inverse pole figures showing the orientation of discrete

0.3
0 Mo PMA [13]
A Mo PMB
= 02
B
7]
2
= 0.1
O 1 1
1800 1900 2000 2100

Temperature (K)

Fig. 4—The true strain accumulated in tension before DAGG initia-
tion, &, is shown as a function of temperature for the Mo PMA
material of Worthington et /' and the Mo PMB material of this
study.

Table III. The Values of ' and ¢2'% in Mo PMB at 1923 K and 2073 K (1650 °C and 1800 °C) Are Provided with the Standard
Deviation (SDev) of Each.

T (K) T (°C) &' £+ SDev ag&'® £ SDev (MPa) Sample Size
1923 1650 0.154 0.03 (22 pct) 36.0 + 0.6 (1.8 pct) 29
2073 1800 0.028 + 0.01 (& 34 pct) 22.6 + 0.9 (£4.0 pct) 11
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Fig. 5—Two tensile specimens with DAGG grains from the Mo PMB material are shown after testing at a constant true-strain rate of 10~* s

—1

at 1923 K (1650 °C): (a) a tensile coupon tested to a true strain of 0.12 containing a surface DAGG grain and (b) a tensile coupon tested to a
true strain of 0.16 containing a through-thickness DAGG grain. The top and bottom sheet surfaces of the specimens are shown, along with
cross sections A-A (TLTD normal) and B-B (TD normal). The bottom sheet surface is downward in cross sections A-A and B-B. Slight contrast
variations within the DAGG grains are externally created from digital image stitching.

DAGG grains produced in Mo PMB specimens are
shown. Inverse pole figures representing the recrystal-
lization textures at the sheet surface and sheet center of
recrystallized Mo PMA material and the orientations of
discrete DAGG grains produced in Mo PMA!? spec-
imens are shown in Figure 8. The specimen tensile axis
direction (TD) of Mo PMA was parallel to the final
sheet rolling direction (RD) for all tests. These fig-
ures provide easy comparison between the recrystalliza-
tion textures and the orientations of DAGG grains in
both the Mo PMB and Mo PMA materials.

D. Grain Sizes Through the Sheet

Directional grain sizes were measured near the sheet
surface along the TD and TLTD in the undeformed grip

METALLURGICAL AND MATERIALS TRANSACTIONS A

regions of Mo PMB specimens after testing at temper-
atures from 1723 K to 2073 K (1450 °C to 1800 °C).
Directional grain sizes were also measured near the
sheet surface along the STD in the undeformed grip
region of a Mo PMB specimen after testing at 1723 K
(1450 °C). Table IV provides the directional grain sizes
drp, drutp, and dstp in these recrystallized, but
undeformed, materials. These measurements indicate
that the directional grain sizes in Mo PMB do not vary
significantly between these temperatures and annealing
times. For comparison, the average grain sizes in the
Mo PMA material after recrystallization at tempera-
tures from 1713 K to 1914 K (1440 °C to 1640 °C) are
provided in Table V. These average grain sizes were
measured using the lineal intercept method described in
ASTM EI112-13.
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Fig. 6—EBSD data from a cross section of recrystallized Mo PMB material are shown as pole figures and as an IPF map colored with respect
to the TD. Data are from a Mo PMB sheet statically recrystallized at 1873 K (1600 °C) for 2 h. Unindexed points are left as white in the IPF
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Fig. 7—EBSD data from the (top row) surface and (middle row) cen-
ter of an undeformed Mo PMB sheet recrystallized at 1873 K
(1600 °C) for 2 h are shown as inverse pole figures. The discrete orien-
tations of DAGG grains observed in numerous specimens of Mo
PMB after tensile tests are shown (bottom row) in inverse pole figures.

Sections on the TD-STD and TLTD-STD planes in
the undeformed grip region of a Mo PMB tensile
specimen tested at 1723 K (1450 °C) for 3 hours were
characterized with backscatter electron scanning on an
SEM. These are shown in Figure 9. The original sheet
centerlines are indicated in these images. The centerlines
are slightly offset from the bottom surfaces, labeled as
the polished surface, because material was previously
removed from this side for metallographic examina-
tions. Grain sizes along the TD, TLTD, and STD were
measured throughout the sheet thickness using the lineal
intercept method.?® These measurements produced
directional grain sizes drp, dritp, and dstp, respec-
tively. Figure 10 shows (a) drp, (b) drLtp, and (¢) dstp
as functions of the distance from the specimen center-
line. Although dtp and dstp vary little between the sheet
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Fig. 8—EBSD data from the (top row) surface and (middle row)
center of an undeformed Mo PMA sheet recrystallized at 1813 K
(1540 °C) for 3 h are shown as inverse pole figures. The discrete ori-
entations of DAGG grains observed in numerous specimens of Mo
PMA after tensile tests are shown (bottom row) in inverse pole fig-
ures. These data are from referencel'”),

center and surface, drprp changes significantly, from
approximately 35 um near the centerline to 18 um near
the sheet surface.

IV. DISCUSSION

A. DAGG Initiation

DAGG initiated during tensile testing of all Mo PMB
specimens at temperatures of 1823 K (1550 °C) and
higher. The ¢ at DAGG initiation in Mo PMB
decreases with increasing temperature, as shown graph-
ically in Figure 4. The trend lines in Figure 4, calculated
through linear regression, indicate that ¢ for both the
Mo PMB and Mo PMA materials decreases at a similar
rate with increasing temperature, approximately 1073

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table IV. Directional Grain Sizes drp, dri1p, and dsyp Measured Near the Sheet Surface of Mo PMB Specimens After Recrys-
tallization Are Provided with Their Standard Deviations as Functions of Annealing Temperature, 7, and Time, ¢

T (K) T (0O ¢ (min) drp (pm) drLTp (Hm) dstp (um)
1723 1450 180 20+ 2 19 £ 1 12 £1
1723 1450 210 19 +£1 20 +£1 —

1923 1650 130 21 +£5 28 +9 —

1923 1650 570 22 +£3 27 £5 —

2073 1800 120 20 +£3 21 +£5 —

Table V. The Average Grain Size, d, of Mo PMA Specimens
After Recrystallization Are Provided with Their Standard
Deviations as Functions of Annealing Temperature, 7, and

Time, ¢
T (K) T (°C) t (min) d (um)
1713 1440 180 18+ 1
1813 1540 180 18 £1
1913 1640 180 19 +1
1913 1640 480 18 +1

These data are from Ref. ',

K~!. The separation between these two trendlines
indicates that a higher critical strain is necessary to
initiate DAGG in Mo PMB than in Mo PMA. This is
somewhat surprising because these materials were pro-
duced according to the same standard. Additionally,
Tables IV and V indicate that, at these temperatures,
both materials have similar grain sizes. The most
significant difference observed between these materials
is in the sheet recrystallization texture. Variation
between material production lots likely explains the
difference in crystallographic texture between these
materials. These orientation data, shown in Figures 7
and 8, reveal the following. Approximately twice as
many grains in Mo PMA are oriented with the (110)
axis parallel to the TD than in Mo PMB. This texture in
Mo PMA corresponds with the preferred crystallo-
graphic orientation of DAGG grains, the (110) approx-
imately parallel to the TD. Approximately twice as
many grains in Mo PMB are oriented with the (110) axis
parallel to the TLTD than in Mo PMA, an orientation
not consistently preferred by DAGG grains. These
differences in recrystallization textures between Mo
PMA and Mo PMB are a likely source of the differences
in ¢ at DAGG initiation between these materials, as will
now be discussed.

The large number of tensile tests conducted at 1923 K
and 2073 K (1650 °C and 1800 °C) provides sufficient
sample sizes to investigate statistical variations in &.
Figure 2 demonstrates that the variation in &, at a single
temperature and strain rate can be reasonably character-
ized by the normal distribution. This finding can be used
to predict how likely DAGG initiation is for a given strain
and temperature, as shown in Figure 3. The fact that
DAGG initiation appears to follow a statistical distribu-
tion provides new insight into the physical mechanisms
associated with DAGG. It is clear that above a minimum
strain, DAGG initiation is a probabilistically determined
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event. The likelihood for DAGG initiation then increases
with increasing strain. Thus, a minimum strain is
necessary but not sufficient for DAGG initiation. Above
a minimum strain, local conditions, such as grain
orientation, grain-boundary mobility, the size of
grain-neighbors, and/or the difference in stored energy
accumulation between neighbors will determine if
DAGG initiates at any given location as strain increases.
As shown in Figures 7 and 8, DAGG grains in both Mo
PMA and Mo PMB are generally oriented with the (110)
axis parallel to the TD. Figures 7 and 8 demonstrate that,
within a given volume, approximately twice as many
grains in Mo PMA are oriented with the (110) axis
parallel to the TD than in Mo PMB. If grains with
orientations near (110) parallel to the TD are the only
grains selected for DAGG, DAGG initiation is approx-
imately twice as likely at a given strain in Mo PMA than
in Mo PMB. The factor of two predicted by this simple
statistical argument on the availability of grains favor-
ably oriented for DAGG agrees reasonably with the
differences in ¢. between Mo PMA and Mo PMB shown
in Figure 4, a factor also of approximately two.

B. DAGG Propagation

Figure 5 shows the morphology of DAGG grains in
Mo PMB shortly after DAGG initiation. The surface
grain in Figure 5(a) indicates that DAGG propagates
readily along the TD and TLTD near the sheet surface.
However, the failure of the DAGG grain in Figure 5(a)
to penetrate through the sheet center indicates much
slower propagation along the STD. The through-thick-
ness DAGG grain in Figure 5(b) does span the sheet
thickness along the STD, as well as the gage width along
the TLTD. However, this DAGG grain extends further
along the TD near the sheet surface than at the sheet
center. This produces the hourglass shape shown in the
section A-A of Figure 5(b). DAGG propagation in the
Mo PMB material is, thus, significantly slower at the
sheet center than near the sheet surface. Furthermore,
the existence of surface grains such as that in Figure 5(a)
is strong evidence that DAGG grains preferentially
initiate near the sheet surface in Mo PMB.

The DAGG grain morphologies shown in Figure 5
suggest that the boundary migration rates of DAGG
grains vary through the sheet thickness and possibly
with direction. Current theory assumes the velocity of
grain-boundary migration, v, is equal to the
grain-boundary mobility, m, times the driving force for
grain growth, P, (v = m - P).*® Differences in v must be
related to differences in the boundary mobility of
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Fig. 9—Back scatter electron images of two sections from the grip region of a Mo PMB specimen recrystallized at 1723 K (1450 °C) for 3 h are
shown for: (a) a section normal to the tensile direction (TD) and (b) a section normal to the tensile long transverse direction (TLTD).

DAGG and/or the driving force for DAGG between the
sheet surface and sheet center. These potential causes for
the observed DAGG grain morphology are now
considered.

Boundary mobility arguments predict that abnormal
grains are most likely to grow from minority texture
components in materials with a strong texture.”% It is
argued that this occurs because a grain from a minority
component in a strongly textured material forms
high-angle grain boundaries, which have high mobility,
with its neighbors. This facilitates the growth of grains
from minority texture components. Because DAGG
occurs preferentially near the sheet surface in Mo PMB,
these arguments lead to the following expectations for
experimental observations:

1. A significant texture difference between the sheet
surface and the sheet center.

2. DAGG grains that come from a minority texture
component with respect to the sheet surface but a
majority texture component with respect to the
sheet center.

These form hypotheses to test against experimental
data. Figure 6 demonstrates that there is a slight
difference between the textures at the surface and the
center of the Mo PMB sheet. It is conceivable that this
slight texture difference produces the significant differ-
ence in DAGG propagation rates observed between the
sheet surface and sheet center. Consider now Figure 7,
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which compares DAGG grain orientations to the
recrystallization textures within the sheet. The orienta-
tions of DAGG grains are more similar to the recrys-
tallization texture near the sheet surface than that near
the sheet center. These experimental observations are
the opposite of those predicted above. Thus, it is
unlikely that crystallographic texture has dominant
control over DAGG in the Mo PMB material.

A more likely explanation for the observed DAGG
grain morphologies is a variation in driving force for
DAGG propagation through the sheet thickness. For
the conditions under which this material was tested,
grain-boundary curvature is likel[y to be an important
driving force for grain growth.'*) Grain-boundary
curvature causes large grains to consume small grains
and is known to promote abnormal grain growth in
fine-grained microstructures."'>"! This driving force is
proportional to the inverse of the radius of curvature
between two adjacent grains. The driving force for
growth from grain-boundary curvature increases as
grain size decreases because smaller grains have
smaller radii of curvature. If grain size varies within
a microstructure, a DAGG grain will likely consume
regions with the smallest grains most readily. Thus, if
grain-boundary curvature is the cause of preferential
DAGG near the sheet surface, then a variation of
grain size through the sheet thickness, with the finest
grains near the sheet surface, is expected. This
hypothesis is now tested against the experimental
data.
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Figures 9 and 10 show that grain size varies through
the Mo PMB sheet thickness. Grains near the sheet
surface are, on average, significantly smaller than those
near the sheet center, at least along the TLTD direction.
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Fig. 10—The directional grain dimensions along the (a) TD, (b)
TLTD, and (¢) STD are shown as functions of the distance from the
specimen centerline. These data were measured from a Mo PMB
specimen recrystallized at 1723 K (1450 °C) for 3 h.

This supports the hypothesis for control of DAGG by
grain-boundary curvature. However, more can be
learned by considering the effect of grain morphology
on the directionality of DAGG. The driving force, P, for
a grain to consume another grain can be expressed as

Y
where y is the grain-boundary energy and R is the
radius of curvature, which is related to the grain size
of the smaller grain. To compare the driving forces for
the consumption of surface grains to center grains, we
begin by defining center grains as grains with centroids
within 100 um of the sheet centerline and surface
grains as grains with centroids within 100 ym of the
sheet surface. The directional sizes dritp, drp, and
dstp of center and surface grains are reported in
Table VI. Assuming constant grain-boundary energy
throughout the microstructure,

Ps Rc
*T R

where P° and P® are the driving forces for boundary
migration at the sheet center and surface, respectively,
and R® and R® are the radii of curvature for grain
boundaries at the sheet center and surface, respec-
tively. The ratio PS/P° thus shows how the driving
force for DAGG from grain-boundary curvature varies
through the sheet thickness. Because the grains are
approximately ellipsoidal in shape, the driving forces
from grain-boundary curvature for growth are neces-
sarily directional. Assuming ellipsoidal grains, the
directional grain sizes reported in Table VI provide the
axes of the ellipsoids and enable the calculation of
local curvature. The maximum and minimum curva-
tures, k| and k;, for a specific direction can be used to
calculate an average R for use in Eqgs. [1] and [2] as

2]

R = B(m +K2>]1. 3]

The results of these calculations are provided in
Table VI.

Table VI establishes several key points concerning the
driving force for grain growth from grain-boundary
curvature in Mo PMB. Because the grain dimension
drrtp is significantly smaller for surface grains than for
center grains, the driving forces from grain-boundary
curvature for DAGG along the TD and STD are
significantly larger near the sheet surface than near the

Table VI. The Grain Sizes and Calculated Average Directional Radii of Curvature Along the TLTD, TD, and STD Are Reported
for the Undeformed Grip Region of a Mo PMB Tensile Specimen Tested at 1723 K (1450 °C) for 3 h

Direction & (um) d® (um) RS (um) R® (um) P/ pP°

TLTD 20.0 £0.7 326 +1.2 2.7+0.8 24 +0.5 0.9 £0.1
D 18.8 £1.1 22.0 £0.9 3.0 £0.9 44409 1.5 +0.1
STD 12.4 £0.5 154 £04 7.6 £2.3 10.8 £2.5 1.4 +£0.1

The ratio P*/P° is also given. Superscripts s and ¢ in this table refer to center and surface grains, respectively.
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sheet center. Conversely, the driving force for growth
along the TLTD does not vary much through the sheet
thickness. Finally, the average radii of curvature for
both center and surface grains in the TD and TLTD are
much smaller than in the STD. These geometric calcu-
lations predict the following:

1. DAGG throughout the material will progress most
rapidly along the TLTD,

2. DAGG will progress more rapidly along the TD
and STD near the sheet surface than near the sheet
center, and

3. DAGG will progress more slowly along the STD
than along either the TD or TLTD.

These predictions are exactly reflected by the morphol-
ogy of DAGG grains observed in Mo PMB. Shortly
after initiation, DAGG grains completely span the
TLTD, as is shown in the view B-B for both DAGG
grains in Figure 5. Figure 5(b) establishes that DAGG
progresses more rapidly along the TD near the sheet
surface than near the sheet center. Finally, the surface
grain in Figure 5(a) indicates that DAGG progresses
much more slowly along the STD than along the TD or
TLTD. These findings demonstrate that the primary
driving force for DAGG in the Mo PMB material is
grain-boundary curvature.

V. CONCLUSIONS

DAGG is an abnormal grain growth phenomenon
that occurs during plastic deformation at elevated
temperatures. DAGG was used to produce large single
crystals in a commercial-purity Mo material, Mo PMB,
at temperatures between 1823 K and 2073 K (1550 °C
and 1800 °C). The critical strain at DAGG initiation
and the morphology of DAGG grains in this material
were investigated. It is concluded that

1. The critical strain for DAGG initiation decreases
approximately linearly with increasing temperature.

2. The critical strain for DAGG initiation varies
significantly for a given testing temperature and
strain rate. This variation follows a normal distri-
bution.

3. Texture affects the critical strain for DAGG initi-
ation. An increase in the fraction of grains oriented
with the (110) along the tensile axis decreases the
critical strain for DAGG initiation.

4. Variations in local crystallographic texture do not
appear to influence DAGG propagation.

5. The propagation of DAGG is observed to be driven
primarily by grain-boundary curvature with DAGG
grains preferentially growing into the finest-grained
polycrystalline regions.
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