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Dilatometry in the Gleeble: What Did You Really Measure? 

G. A. Knorovsky, C.V. Robino, R. C. Dykhuizen, D. 0. MacCallum 
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Abstract 

The Gleeble' is an oft-used tool for welchg metallurgy 
research. Besides producing synthetic weld specinlens, it is used 
to determine phase uansformation temperatures ad kinetics via 
dilatometry. Experimental data and an FEM male1 are used to 
examine measured dilatation errors because 0: non-dorm 
heating of the dilatometer and other sources such as sample 
elastic and plastic deformation Both isothermal and constant 
heatingkooling rate scenarios are considered. Further errors 
which may be introduced when the dilatation is incorrectly 
assumed to be linearly related to the volume hction transformed 
arealsodiscussed. 

Introduction 

The Gleeble' is a sophisticated thano-mechanical 
simulator used to prcduce specimens with a desired time- 
temperahre-deformation history. It was onginally invented[ 11 to 
produce 'bulk' samples simulating localized area; of weld heat 
afkxed zones o. Since the HAZ of a weld is characterized 
by steep gradients in peak temperature rmched, HAZ 
microstructures may vary appreciably over short distances, 
making them hard to characterize, particularly with the tools 
available contemporary with the Gleeble's invention. Since that 
time, many new uses have been found such as simulation of 
rolling and forging, calorimetry, diffusion bonding, and a p r p  
this work, studying the kinetics of solid-state reactions via 
dilatometry. Since most phase transformations involve some 
level of density change, measurement of p i m m  dimensions 
can be a sensitive probe of the extent of reaction. As always, 
there are complications in interpreting the data; we shall treat 
some of the commonly encountered (if not commonly 
recognized) mors inherent to dilatometry in this p a p .  

Common Sources of Error: Assuming good 
laboratory practice, proper personnel training and suitable 
equipment condition (calibration, functionality, and g d  
repair), there are two major classes of non-uniformity that xed 
to be ixbssed in the interpretation of any type of Gleeble test 
data. The first deals with material non-uniformity, while the 
second deals with thennal non-uniformity. 

Examples of how material non-uniformity can impact 
Gleeble data include loose tolerance thermocouple wire leading to 
greater than expected temperature measurement mor, atxi 
sampling error arising from inhomogeneous test material. For 
example, in non-cubic materials p r e f d  orientation may affect 
the thermal expansion coefficient. 

Thermal non-uniformity deals with two directions, 
transverse and longitudinal to the load applicatiodcurrent flow 
axis. The water-cooled jaws lead to the characteristic cenrral hot 
zone in the Gleeble specimen, but less often recognized is the 
fact that the surface of the specimen, which is exposed to 
convective and radiative cooling (and conductive cooling from the 
local thermocouple and dilatometer contact points), can often be 
slightly cooler than the specimen core[2]. For precise 
temperature measurement work, these issues should be addressed, 
especially as the sample temperahre ex& red heat. 

However, these are not the issues we wish to d d r e s  
instead we will look at the commonly-made assumption that the 
dilatometer accurately measures the sample dilatation, and that 
the phase transformation hction present at any given time may 
be linearly related to the distance from the extrapolated high a d  
low temperature phase expansion curves. 

Dilatometer Resolution: Our high resolution 
Gleeble diametral dilatometer is calibrated at 3.42 V/mm 
displacement; with its 12 bit, +/-1OV range data acquisition 
system, (20 V / 4096) = 0.00488 V is the smallest voltage 
change resolvable, implying displacement resolution of 0.0014 
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mm (newer systems than ours will give a 10 V/mm calibration 
and attendant higher resolution). Given a 6.35 nm diameter (D) 
specimen, a fractional dilatation change of 2.2 x io4 is 
theoretically measurable. Relative density changes (6p) of 1 to 
5% for volume fraction changes (6V) of 10 to 100% could k 
considered typical ranges which might be cxudied by this 
technique. Under ideal conditions, the dilatometric technique 
should be capable of detecting: 6pt3 x 6V x D := 2.2 x lo4. If 
6p = 0.01 and D = 6.35, the smallest 6V detectable will be about 
1% which is cansidered the minimal amount detectable by a 
variety of competitive techniques. Obviously, smallerflarger 
density differences will increase/decrease this threshold. Larger 
diameter specimens are also beneficial. 

Thermal Expansion of Dilatometer: Since the 
dilatometer is in intimate thermal contact with the specimen, it 
heats up during testing. Because the high res,olution Gleeble 
dilatometer suitable for phase transformation rneasurements is 
not symmetrical with respect to heating (the slationary arm is 
longer than the moveable arm and is 'L'dqxxi) this adds an 
error term to the measured expansion. The high resolution 
dilatometer is not water-cooled; this may also add error due to 
changes in electrical response (not modeled here). For long 
duration tests we place a fiber heat shield betwan the transducer 
and specimen. 

We became interested in whether this error term is 
appreciable, when some -30 minute long isothermal hold 
transformation curves in an orthorhombic Ti-22A1-27Nb alloy 
showed an expansion at the highest transformation tempramre 
and a contraction at lower temperatures (see Figure 1). 
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Figure 1: Dilatation (arbitary units) vs hold time (s) of a Ti- 
22A1-27Nb alloy heated to a peak temperature of 173OoC, then 
cooled to the indicated temperature for a 20 mjnute isothermal 
hold showing unexpected change in behavior above looO°C. 

Experimental Dilatation Data : Pure Ni 
In o r b  to simplfy comparison between the model ami 

experiment, we chose pure Nickel as a referem: material; it is 
known to have no first order phase iransfoimations in the 
temperature range of interest and referace data is readiiy 
available[3]. Two types of experiments were conducted: 

continuous heating, and isothermal hold after a brief high 
temperature excursion. 6.35 mm diameter samples were run on a 
Gleeble Model 1500, using an environmental box which had 
been evacuated and then baMiled with argon. Type K 
thermocouples were used except for the peakhsothermal hold run, 
which required Type R. 

Figure 2 shows the measured dilaration vs temperature 
curves obtained from pure Ni samples heated: 1) at 10°C/s to 
650°C, then 0.loC/s from 650 to 1000°C, 2) like 1) except at 
l0C/s from 650 to 1000°C, 3) at 100°C/s to 1000°C from 
ambient; and 4) at 100°C/s to 1325OC from ambient, rapidly 
cooled to 975OC, held for 30 minutes. All samples were then 
freecooled back to ambient. (lEe cwes have been offset 
vertically to aid clarity; hereafter, condition 4 is refixed to as the 
'isothermal case'.) The rather unusual shapes of the rapidly 
changing temperature portions of the curves are due to 
undersampling and aliasing with electrical noise on the 
dilatometer output signal. In the slow-changing temperature 
portions of the curves many more data points were taken, and the 
error band is clearly discemable. This band can then be used to 
bound the expected errors on the sparsely-sampled portions. 
Agreement with the literature data on the dilatation of Ni 131, is 
satisfactory for the rapid heating/mling dilatometer daQ 
whereas the slow heating/coolig data do not agree as well. ('Ihe 
isothermal case curve shows additional anomalous behavior 
which will be discussed later.) 
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Figure 2 Dilatation vs Temperature as a function of thermal 
cycle (see text) for 6.35 mm diameter specimens of pure Ni. 
Multiply Gleeble units by 2.927 to get mm. 

Dilatometer Model 
Using COSMOSM finite element software, a simple 
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2D model of the Gleeble high resolution dilatometer was built; it 
required 175 nodes and 1 13 elements. The mesh used, and the 
boundary conditions are shown in Figure 3, where the round 
specimen is of 6.35 mm diameter. 

arm 

Figure 3: Mesh and boundary conditions for the model. 
Triangles are convective boundary conditions (kc's), diamonds are 
temperature bc's, arrows are displacement bc's, rectangles are 
individual elements. Nodes are not illustrated, k a t  occur at the 
comers of the 4-node elements. Specimen diameter = 6.35mm. 

The intent of the model was to determine if the 
Merential heating of the two arms would lead to appreciable 
error. The model incorporated available dam on fused silica for 
conductivity, density, heat capacity, and coefficient of thermal 
expansion (CTE)[4]; these values were assumed constant vs 
temperature. Perfect thermal contact at the arm/specimen 
interface nodes (node 101: stationary ann/spe:imen & node 
105:moveable arm/specimen) was assumed, and convective 
cooling to room temperature air along the surface of the 
dilatometer shafts was incorporated. Radiational heahg/cooling 
was not used. The specimen was simulated as having the room 
temperature thermal properties of pure Ni, (except that an 
essentially zero value for CTE was used for some calculations to 
make all -lacement due to the arm expansion), and given 
uni€orm temperature vs time histories to match experiment. The 
'L'-shapd stationary arm of the dilatometer was pinned against 
rectiIineardisplacement at its top end, while nocks 101 and 105 
were constrained to move vertically, as was the top end of the 
moveable arm (node 53). The top end of the maveable arm was 
constrained to ambient temperature (on the actual dilatometer, 

this contacts an AI sleeve). We then calculated the 
thennoelastically-induced displacement at the top and bottom of 
the specimen (node 105 &node 101, respectively), and the top of 
the moveable arm (node 53) under simulated thermal cycling. 
The actual dilatation of the sample is the differace in 
displacement between nodes 101 and 105 (and is zero when the 
specimen CTE is set to zero). The displacement of node 53 is 
what the dilatometer transducer measures. 

Continuous Heating Rate Cases: As noted 
above, in most calculations the Ni specimen was given a zero 
expansion coefficient; thus, the node 101 and node 105 data 
superimpose, and the displacements plotted are solely due to the 
therrnal expansion of the dilatometer arms. 

The 100°C/s heating rate (Figure 4) gives very little 
time for heat uansfer to occur, so the calculated behavior of the 
dilatometer is quite good, the maximum error in apparent 
dilatation (the absolute value of node 53's displacement = 0.0015 
mm) about equals the detection limit of the system (0.0014 
mm). Node 101's motion is smaller, and delayed in time. 

Figure 4: Heated at 100°C/s to 1OOO"C; zero CTE for Ni. 

At a heating rate of loch (Figure 5) appreciable 
negative motion for nodes 101 & 105 occurs, implying 
significant heating of the stationary arm. Similarly, node 53 
moves in a positive direction an equal magnitude, implying 
expansion of the moveable arm as well. Furthermore, the 
maximum error is about three times larger (-.0041 mm), ard 
continues to increase until the sampIe begins cooIing. This error 
is about three times the detectability limit. 

For the sample heated at 0.loC/s between 650 ard 
1000°C calculations with both the actual (Figure 6)  and zero 
(Figure 7) CTE for Ni were made. (Note Figure 6's vertical 
scale is lox larger than previous plots.) The relative arm/sample 
displacements can be compared between the two figures. m e  
calculated apparent dilatation from ambient to 1000°C is 0.14 
mm, compared with 0.13 mm obtainable from Figure 2. The 
actual sample dilatation is the diffaence between nodes 101 ard 
105, so the difference between 105 and 53 is not all error. Figure 
7 shows that dilatometer error behavior similar to the 1T/s case 
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Figure 5: Heated at 1 "C/s between 650 and 1OOO"C; zero CTE 
used for Ni. 
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Figure 6: Heated at O.I"C/s between 650 and 1OOO"C; Ni CTE. 
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Figure 7: Heated at O.l"C/s between 650 and 1OOO"C; zero CTE 
used for Ni. 

is again obtained (note 5x horizontal scale relative to Figure 5). 
Note that the overall error is actually slightly smaller for the 
0.1 "C/s case than the 1 " U s  case, in qualitative agreement with 
the deviations from reference data in Figure 2. 

Isothermal Case: During the isothermal hold 
(Figure 8), an apparent expansion is calculated to occur when 
none is actually present, in qualitative agreement with the data of 
Figure 2. The error increases relatively quickly to its maximum, 
taking about 2 minutes. The calculated maximum magnitude of 
the error, -0.0043 mm is about 3x that seen for the 100°C/s 
continuous heating case, essentially the same as the 1"Us and 
O.l"C/s cases. However, in those previous cases the error was 
increasing with time; here it decreases after reaching a 
maximum. Note also, that the motion of the stationary arm 
specimen contact point is again of the same magnitude but 
opposite sense to that of the moveable arm, implying that the 

Figure 8: Rapidly heated to 1325"C, then cooled and held 
isothermally at 980°C for 30 minutes; zero CTE used for Ni. 

latter's total expansion (the difference between the curves) is 
about twice as much. Again, the moveable arm reaches 
equilibrium somewhat sooner than the stationary arm. 

Comparison between model and experiment: 
In Figure 2 the apparent displacement measured during the 
isothermal case's hold is - 0.03 mm, nearly an order of 
magnitude greater than calculated, furthermore it does not 
decrease toward the end of the hold period. However, the data is 
somewhat anomalous in that the endpoints of the isothermal 
hold displacement data do not fall on either the original on- 
heating curve from room temperature, or the upward 
extrapolation of the final transient on-cooling to ambient. Other 
replicates gave similar values, and also showed the increased 
slope at temperatures > 12OOOC. 

For the continuous heating experiments, if one 
examines the deviation from the Ni reference data for the 0.1 "C/S 
data, it is found to be 0.015 mm. The calculated error value was 
0.0038 mm. For the 1"C/s data, the measured deviation was 
0.022 mm, where the calculated value was 0.004 mm. For the 
1OO"C/s data, the deviation is 0.0008 mm, the calculated value 
0.0015 mm. Based upon these comparisons, it appears that the 
component of error due to differential thermal expansion of the 
dilatometer arms is only a small part of the discrepancy. 
However, detection of the transformation start is an important 
role of dilatometry. It is possible that this error source could be 
important if it overlaps the transformation start. 



We employed a temperature bc at the sample/dilatometer 
contact nodes because heat W e r  physics across contact 
interihces was beyond the scope of this simple model. To 
examine this assumption, we ran cases where the dilatometer 
surface nodes horizontally adjacent to wdes 101 and 105 had 
identical temperature bc's. Heat transfer to both arms increased, 
as shown by increased motion of nodes 101 & 105. However, 
these motions offset and node 53 motion slightly deaeasd If 
the bc was applied to all the end nodes of the moving arm and 
just the contact node of the stationary arm (to maximize heat 
flow assymmetry) an increase in node 53 motion (-20%) was 
seen relative to the original bc's. While no]. changing our 
conclusions, these calculations suggest that d a c e  condition of 
the dilatometer arms can affect the measurements. 

Additional error due to deformation: Another 
error complicating the interpretation of Gleeble dilatation data 
involves plastic deformation of the specimen ciue to frictional 
loading of the actuator rod by the environmental chamber seals. 
In this case, the expansion and contraction of the sample is 
resisted by the actuator rod seal friction. At sufficiently elevated 
temperatures this force (measured as 11OOO N) c;m deform many 
materials, including pure Ni. We believe this explains the high 
temperature behavior of the isothermal run where the slope of the 
dilatation increases at -1200OC on heating and an cooling from 
the peak temperature. If one assumes that the material's flow 
stress is exceeded at elevated temperatures by the Jnctional forces, 
all the longitudinal thermal strain that should occur is convazed 
into transverse plastic strain. This strain, addeck to the normal 
thermal expansion strain can be shown to increase the dilatation 
vs tempemure slope according to the equation: 

A d(dilatation)/dT = (1 + freespan/(3x effective gauge length) ) 

A freespan/gauge length ratio of 6 completely explains 
the maximum incrm in slope seen in our isothermal case 
specimens. The freespan for our samples was 30 mm. The 
gauge length might be expected to be on the order of the sample 
diameter (6.35 mm), so a ratio of 6 is no. unreasonable. 
Furthermore, the increased slope relative to the Ni refexme 
dilatation data noted on cooling from the isothernlal hold (in the 
800-1000"C temperature region) can be explained by assuming 
the sample is transitioning from a condition of compression to 
tensile yield. Instead of the transverse s m i n  factor of 0.5 which 
is built into the equation noted above (from the assumption of 
zero volume change on plastic deformation), Poisson's ratio 
(-0.3) should be used. This reduces the term added to 1 inside 
theparenthesis, and gives a slope enhancement of about 0.6 the 
value seen for the plastic strain case. The actual value of the 
slope ratio was found to be 0.67. The remaining discrepancy 
may be explained by a slightly narrower gauge length oncooling 
relative to on-heatjng (the steeper dilatation vs temperature slope 
for on coolig was also seen in the plastic flow case). 

By using a low-force load cell inside the environmental 
chamber, and force control mode, this source of error should be 
reduced or eliminated. Verfcation experiments are planned. 
Given the above analysis, creep is a likely mechanism to explain 
the apparent expansion during the isothermal hold. 

Determining Fraction Transformed from 
Dilatation Data 

During a phase transformation, the distribution and 
amounts of phases present change. When the reaction is 
complete, depending upon the type of uansformation, the f d  
density of the sample may be uniform or not, but the measured 
final apparent density will be an average of the local density 
distribution. When using dilatation data to determine fraction 
transformed it is common to make the assumption that the 
progress of the transformation is linearly related to the 
instantanmus value of dilatation change normalized by the 
overall dilatation change (for isothermal transformations). When 
non-isothermal reactions are beiig studied, the fraction 
mnsformed is taken as the fractional distance of the dilatation 
m e  between the extraplated low and high temperature phase 
dilatation curves plotted vs temperature. As we shall see, these 
assumptions can give very poor results. 

In general: pW = V,p, where V, = volume hction 
of phase i (summation of i is over all phases) and for each phase 
i: pI = pI (composition, temperature), and VI = V, (composition, 
temperature, time). V, of each phase i is desired as a function of 
time, given that pWhas been measured as a function of time. X, 
VI = 1, and information from the equilibrium phase diagram 
relaring temperatures and compositions for individual phases and 
aggregates of phases is assumed available. Overall: 

dP, = d (ci VIP,) = 4 (Vldp, + Pl dVJ 
however, since: 

dp, = (ap, /ac)dc + (ap, @"')dT and 
dV, = (aV,/ac)dc + (aV,/aT>dT + (aV,/at)dt 

by substituting, we arrive at: 

Assuming that we know the time vs temperature behavior (Le T 
= f(t) and dT/dt = f'), and since the compositions of phases vs 
temperature are known from the phase diagram (i.e. c = k(T) and 
dc/dT = k'), we can then transform the previous equation into a 
function of time: 

dp, = & (Vi{(api/ac)k'f'dt +(dpi/aT>f'dt) + pi {(aV,&)k'f'dt 
+ (aVi/aT)f'dt + (JV,/at)dt] 

In the case of a pure material undergoing an isothermal 
allotropic phase change, while there will be two phases present, 
all terms involving partial derivatives taken with respect to 
temperature or composition are zero, simpligying the above 
equation to: 

dp, = (PI - PJdV, 

Thus, the fraction tramformed is directly related to the measured 
density change by the difference between the high and low 
temperature phase densities. If however, the temperature is not 
held constant (but is still uniform in the sample, and assuming 



L . .  

that Vi is not affected by T, Le. the reaction gOe:j to completion 
if it occurs at all): 

9, = [v,(aP,m + (1-vl)(aPda/aT)lfdt + ( P I  - PJdVl 

and while correction terms are needed due to the the phase 
densities changing with temperature, the fraction transformed is 
still fakly easy to obtain. In the case where three phases are 
present, such as the mtenite-lemtesmentite eutectoid reaction 
in FeC, we have at the invariant: 

dpllpp = (P, - PJdV, /dt + (P, - P3 dVJdt 

At the invariant, the ratios of dV, /dt / dV, /dt ard dV, /dt / dv, 
/dt will be given by the lever rule. Since the density diffapnces 
between the ferrite, austenite, and cementite are known, we can 
relate the dilatation to the phase fraction changes. However, as 
soon as we allow phase densities to vary wilh position by 
moving away from the invariant point (introdui:ing both non- 
uniform temperature and composition), previously z e r d  partial 
differential correction terms re-enter, and in <general further 
assumptions are needed in order to obtain a unique set of phase 
fractions. Additionally, the summation should be replaced with 
an integral equation. Onink et.al [SI have analyed the case for 
the decomposition of austenite to ferite-pearlite aggregates, 
whereas Dykhuizen et& [6] have analyzed the reverse reaction. 
In both cases, assumptions are made about the progress of the 
nansformaton to take into account the non-uniformity of 
composition associated with position and temperature. Figure 9 
from Dykhuizen et.al., shows that the simple assumption of 
linear conversion of the dilatation data instea9 of a more 
physically realistic model can lead to a dramatically different data 
inteqretation. 
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Figure 9 Difference in fraction transformed &*ermined from 
dilatation: liiear assumption vs physically-redistic model, 
austenitization of pearlitic structure in 0.29wt% C steel [6]. 

Conclusions 
Discrepancies noted in the use of dilatation 

measurement$ to determine ~hase transformation kinetics led to 

an investigation of possible sources of error. Most notably, 
isothermal holds on stable specimens (pure Ni) gave an apparent 
dilatation increase with time. Using a simple 2D finite element 
model to calculate the error caused by asymmetric heating of 
dilatometer arms we concluded that this source explained only a 
small part of the behavior seen in the Ni experiments whether for 
isothermal or continuously heated thermal cycles, but could be a 
significant source of e m  when transforma&ion start times ate 
sought. In order to eliminate such errors from phase 
transformation data, careful calibration experiments to establish a 
baseline using similar but stable specimens should be run. 
Furthermore, we pointed out two other pitfalls to interpretation 
of dilatation data, namely, non-linearity of apparent dilatation ard 
fraction uansfonned and environmental chamber seal frictional 
loading-induced deformation. The frictional loading explanation 
implicates plastic deformation and creep as being the most likely 
source of the apparent isothermal dilatation increase seen in Ni. 
The Gleeble is a powerful tool for metallurgical rexan3& 
however, its outputs need to be carefully analyzed before acAuiite 
data can be obtained. 
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