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1. Introduction

Most often, thermal grinding defects are formed in 
cemented, improved high-carbon, low and medium-alloyed 

steels with a martensite or tempered martensite structure 
[1–3]. When the surface of the part of the hardened steel is 
rapidly heated by the grinding temperature above the Ac1 
line, the martensitic structure of the surface layer transforms 
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прямого і зворотного мартенситного перетво-
рення в поверхневому шарі шліфований деталі із 
загартованої сталі. Показано, що при шліфуван-
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–аустеніт. Показана можливість швидкісного 
відпустки мартенситу до перліту, під дією кон-
тактної температури шліфування, який при 
подальшому підвищенні температури перетво-
рюється в аустеніт, утворюючи припік гарту
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into an austenitic structure, that is, an inverse martensitic 
transformation takes place. This transformation is all the 
more facilitated by the fact that as a result of the high spe-
cific pressures exerted by the abrasive grains on the surface 
of the metal, the Ac1 point is shifted to a region of lower 
temperatures [2, 4, 5].

After the rapid heating of the surface layer, rapid cooling 
follows at rates much higher than the critical quenching 
rates. The Mf points for these steels are mostly below 20 °C, 
that is, below the temperature to which the metal is cooled 
during grinding. As a result, martensitic transformations do 
not take place completely, due to which a structure of aus-
tenite of secondary hardening is fixed in the surface layer, 
called the grinding hardening quench.

The final cooling of the austenite structure occurs in the 
temperature range from 20 °C and lower. The cooling pro-
cess ends between the Ms and Mf points. The temperature 
interval until the end of the martensitic transformation does 
not overlap, which causes incompleteness of this transforma-
tion and fixation of a significant part of the austenite.

Phase-structural changes in the surface layer of hard-
ened steel during grinding are called grinding burns. Burns 
cause high residual stresses and cracks in the surface layer, 
a decrease in wear resistance of the ground surface. This 
reduces the strength, reliability and durability of the ground 
surface, and, consequently, of the entire part [3, 5].

At present, there are many new low and high-alloy steels 
that are widely used for surfacing the working surfaces of 
parts that need to be ground. In view of this, there is a need 
to determine safe grinding temperatures, which do not lead 
to grinding defects in the surface layer. These temperatures 
can be determined using an analytical study of the kinetics 
of phase-structural transformations during grinding.

In all these cases, the surface layer of the working sur-
faces of such parts is very sensitive to the grinding tempera-
tures, which cause grinding burns.

This issue needs further clarification, since it is very 
relevant for machine building, especially for gas turbine 
construction, where it is necessary to grind thoroughly the 
reduction gear wheels.

2. Literature review and problem statement

The values of the critical temperatures that cause 
thermal defects are discussed in sufficient detail in [6–8]. 
However, in the first two papers, the analysis is not related 
to grinding. They consider relatively low heating and cool-
ing rates, which does not allow the results to be interpreted 
from the point of view of grinding. In the third paper, mod-
eling using laser heating is used, which leads the author 
to the erroneous idea that with an increase in the heating 
rate, critical temperatures decrease, so these results can 
not be used when considering the heating kinetics during 
grinding. 

The papers [1, 2] consider the issue and conclusions of an 
adequate reflection of real processes rather deeply, however, 
these results need clarification and some simplification to 
be used in the practice of the shops of machine-building 
enterprises.

In [9], the mechanism of austenite-martensite transfor-
mations hereinafter abbreviated as A–M, depending on the 
size of the metal grains in repeated rapid heating is inves-

tigated and the possibilities of forming brittle and plastic 
structures are explored. Despite the fact that the researchers 
use high-speed heating, the experimental conditions are not 
adequate to the conditions of heating during grinding and 
the results cannot be used.

In [10], a kinetic model is studied to understand the mar-
tensite – austenite transformation, hereinafter abbreviated 
as M–A, in cold – rolled steel, and then annealed metastable 
austenite in ultra fine-grained steel. However, in this paper, 
the conditions are studied that facilitate this transformation 
from the point of view of the need of plastic deformation and 
the presence of nitrogen in the intercrystalline space. This 
does not correspond to the conditions available for grinding.

In [11], the influence of high-density energy sources on 
morphological changes in steel investigated by physical im-
itation. Carbon steel strips were subjected to thermal cycles 
to temperatures from 400 to 1200°C, followed by cooling in 
water. The thermal cycles provided a heating rate of up to 
1000°C, continuous austenitization was investigated, and 
the results were checked by microhardness measurements. 
It was found that complete austenitization during the M–A 
transformation occurs at temperatures above Ac3. results of 
research, with regard to transformations in grinding, must 
be treated with great care. The heating rates are signifi-
cantly lower than when grinding, and the heating source is 
much larger. There is no answer to the question of the spe-
cific austenitization temperature, depending on the chemical 
composition of the steel.

In [12], the inverse martensitic transformation in steels, 
alloyed with Cr–Ni–Mo is investigated. The initial struc-
ture is tempered martensite and chromium carbides. The 
transformation of the initial coarse-grained structure into a 
fine-grained polygonal structure was studied. This is a pure-
ly metallurgical study, the results of which are difficult to 
apply to the question under investigation, since it is practi-
cally impossible even to artificially create conditions similar 
to experimental conditions when grinding.

In [13], 0.2 % C and 17 % Ni steels with a martensitic 
structure are investigated. Heating is performed below 
the austenite formation temperature, followed by com-
pression deformation, at which dynamic recrystallization 
is observed. As a result, submicron grains of perlite were 
obtained.

In the present paper, the results of this article cannot be 
used, since the conditions for heating and deformation differ 
significantly from what takes place during grinding.

In work [14], investigations were carried out using elec-
tron microscopy of transition zones between martensite and 
austenite during pulsational heating of chromium-nickel 
alloys. It is established that these transition zones have com-
plex structures with different phase compositions. However, 
the non-conformity with the heating conditions during the 
experiments and scarcity of experimental materials make it 
impossible to use the results for the case of reverse martensi-
tic transformation during grinding.

In [15], the A–M transformation in a maraging steel is 
studied. The results cannot be used for grinding of hardened 
steels. In maraging steels, soft martensite with depleted car-
bon is formed during quenching. Hardening takes place with 
additional heat treatment.

Thus, it should be noted that in the literature no data 
have been found that would explain the reverse martensitic 
transformation when grinding hardened steels.
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3. The aim and objectives of the study

The aim of the work is to establish the regularities of 
phase – structural transformations in the quenched surface 
layer of the part being ground with various mechanical 
and thermophysical characteristics under various grinding 
conditions. This will allow us to evaluate the joint effect 
of high-speed thermal processes during grinding and the 
chemical composition of the ground surface, to determine 
safe processing temperatures.

To achieve this goal, the following tasks were set:
– to determine the heating rates in the range of the 3rd 

tempering transformation when the contact temperature is 
lower and above the Ac1 point;

– to determine the probability of high-speed tempering 
of martensite and the formation of austenite according to the 
martensite-perlite-austenite scheme, on the basis of which one 
can determine the temperatures at which an austenite is formed 
for various steels, depending on the chemical composition;

– to determine the limiting temperatures that do not 
cause thermal defects and the principles for determining 
the grinding conditions, which ensure that the temperature 
limits are not exceeded.

4. Materials and methods for studying phase-structural 
transformations in the surface layer of a part being 

ground

The peculiarities of the process of metal heating during 
grinding are the small dimensions of the thermal source, the 
considerable power of this source, which at a small size of the 
latter, ensures a high intensity of the heat flux and a short 
time of thermal action of this source on the metal.

The heating rates of grinding are estimated as 106– 
108 °C/s [1, 2].

In a number of cases, under such conditions, the marten-
site diffusion decay and the formation of pearlite structures 
are possible. In [16], the heating rates and temperature 
intervals at which the martensite diffusion decay is possible 
are shown (Fig. 1).

Fig. 1. Areas of possible diffusion decay of martensite as  
a function of the rate of heating

As can be seen from Fig. 1, while heating to around 
400°C, which is typical for the temperature of the third 
tempering transition, the diffusion decay of martensite can 
occur at heating rates of 1.8∙106–1.6∙1010°C/s.

At a heating temperature of about 800°C, which is much 
higher than the Ac1 point, the diffusion decay of martensite 
can occur at heating rates of about 1.3∙106–1.1∙1014°C/s. To 
determine the heating rates during grinding in the tempera-
ture range of the 3rd tempering transition at contact grinding 
temperatures above and below Ac1, we use the data of [1, 2].

The curve of surface heating during grinding is de-
scribed by the expression

2
s

maxT T 1 exp ,
4 aτ

  ν ⋅τ
= - -  ⋅   

 	 (1)

where Тmax is the maximum temperature, оС; vs is the speed 
of the thermal source, m/s; τ is the current time, s; a is the co-
efficient of thermal diffusivity of the ground material, m2/s.

To obtain a wide range of contact temperatures, a grind-
ing wheel of grain size 12 (E9A12SM1K6) from electroco-
rundum and grinding modes Vw=35 m/s, Vp=Vs=0.66 m/s, 
grinding depths t=0.01; 0.015; 0.02; 0.04 mm were selected. 
The combination of the heating curves and the steel part of 
the iron-carbon diagram is shown in Fig. 2.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b  
Fig. 2. The combination of the heating curves and the steel 
part of the diagram: a – iron-carbon diagram; b – graph of 

temperature growth as a function of the depth of cut
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By measuring the heating rates in the temperature range 
from 400°C to Ac1, the following values can be obtained: 
V4=3∙106 °C/s; V3=2∙106 °C/s; V2=0.3∙106 °C/s.

By comparing the obtained values of the heating rates 
with the data of Fig. 1, it can be concluded that even at the 
maximum heating rates that may occur, during the grinding 
process, the diffusion decay of martensite is possible. For 
calculations, a very high speed of the heat source is chosen, 
which gives the maximum heating rates. In practice, when 
grinding, the speed of the heat source (the speed of the 
part with respect to the retarded grinding wheel) is usually 
smaller. Consequently, the heating rates of the surface will 
be somewhat lower than those shown in Fig. 2.

Thus, it can be concluded that in the overwhelming 
majority of cases when the hardened surface of a part is 
heated in the range of the temperatures of the 3rd temper-
ing transformation and higher, the decay of the martensitic 
structure and the formation of austenite occurs according to 
the M–P–A scheme.

It should be noted that the transformation of perlite into 
austenite at temperatures above the GSE line can be divid-
ed into 2 stages. The first is a shear rearrangement of the  
BCC-FCC crystal lattice (α–γ). The second is the dissolu-
tion of carbon in the γ lattice. The timing of these events 
is incommensurable. According to some data, the time for 
rearrangement of the crystal lattice, in particular [17], is 
about 10-11 s, i. e. 0.01 ns. The time of complete dissolution 
of carbon in the γ lattice takes several μs or several 10-6 s.

The value of the austenite formation temperature above 
the GSE line will depend on the heating rate above this 
line, the carbon dissolution rate and the alloying degree of 
the steel.

The transformation begins with the formation of austen-
ite grains at the ferrite-cementite interface. The resulting 
austenite grains initially have the same carbon concentration 
as ferrite, since the rate of polymorphic transformation α→γ 
is much higher than the rate of diffusion processes. As time 
elapses, due to the dissolution of carbon, the concentration in 
the austenite grain increases. At the end of the transforma-
tion in the austenite grain, the carbon concentration becomes 
uneven. In those places where cementite was present before 
transformation, the concentration of carbon is higher, and in 
those places where ferrite was present, the concentration of 
carbon is lower. It takes some time, depending on the tempera-
ture, to equalize the composition. The higher the temperature, 
the faster the diffusion process of carbon redistribution in 
austenite is completed. The diagram of the transformation of 
perlite into austenite is shown in Fig. 3, 4 [18].

Fig. 3. The diagram of transformation of perlite into 
austenite

Fig. 4. Carbon distribution during the formation of austenite

For a mathematical description, we can formulate the 
problem in the following way: through the surface X of a 
semi-infinite body, the diffusion of a certain element direct-
ed into the interior of a semi-infinite body takes place. It is 
required to determine the concentration distribution of the 
diffusing element at any time.

Mathematically, the problem is formulated in the form of 
a differential diffusion equation (Fick’s second law)

2

2

C C
D ,

x
∂ ∂

=
∂τ ∂

	  (2)

Under the boundary conditions

( )
( )

( )

C x,0 C ,
0

C 0, 0,

C ,
0,

x

=

τ =

∂ +∞ τ
=

∂

	  (3)

where D is the diffusion coefficient, cm2/s; τ is the diffusion 
time, s; X is the coordinate; C is the concentration of the 
diffusing element of mass, %; C0 is the initial concentration 
of the diffusing element of mass, %.

For the case of austenitic transformation, this is the con-
centration of carbon in the cementite.

By solving this equation by Laplace transforms, we have:

max max

x
С C 1 Ф ,

2 D

 
= -   τ

 	 (4)

where the second term in brackets is the integral of the 
Gaussian error function; x is the distance from the boundary 
austenite-cementite surface (Fig. 4); D is the diffusion coef-
ficient of carbon in austenite; τ is the diffusion time.

The time of complete dissolution of carbon in the Feγ 
lattice depends on the growth rate of the austenite grain. 
Consequently, the time of temperature increase over Ac1 is 
equal to the quotient of the linear increase in the austenite 
grain x and the time of complete dissolution of carbon τ:

p

x
V =

τ
.	  (5)

In other words, it is necessary to determine the rate of 
growth in a unit elementary interlamellar volume. Under 
these conditions, x=Δ0 (the interlamellar distance value) and 
τ=τ0 (the time of completion of the process in this volume). 
Hence the growth rate will be:
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0
p

0

V .
∆

=
τ

 	 (6)

By transforming the equation (4), as shown in [19], 
we get:

 
p 0min

max

vC
1 0,5 .

C D

   ∆
- = Φ     

	 (7)

In this equation, the only unknown is the growth rate 
of the austenite grain. By determining Vp using the itera-
tion method, it is possible to obtain numerical values [19], 
which can be interpreted by the following graph, taking into 
account that as a rule high-speed tempering of martensite 
gives fine-grained perlite with an interlamellar distance of 
0.1–0.2 μm (Fig. 5).

Fig. 5. The growth rate of austenite grains at various 
temperatures above the Ac1 point

As can be seen from Fig. 4, the total dissolution time of 
carbon is the quotient of dividing the half of the interlamel-
lar distance Δ0 by the average grain growth rate, which from 
Fig. 5 is an average of 80 μm/s. Thus, the time for complete 
dissolution will be 0.8.10-3 s. On the other hand, from Fig. 2 
(curve 3), it can be determined that the average heating rate 
in the A1 – 1000°C range is 0.34.106°C/s. During this time, 
the temperature above the A1 point will rise by 272°C. Thus, 
the temperature of complete austenite formation is 999°C.

Such a method of determining the austenite formation 
temperature during grinding gives a qualitative description 
of the process, as it is laborious, inaccurate and not adapted 
to computerization. Therefore, it makes sense to approach 
this issue from a slightly different angle when analytical 
calculations are possible.

With an accuracy of ±5 %, the function Ф(у) of the 
equation (4) can be approximated by the expression:

( ) 1,381,4yФ y 1 e .-= -  	 (8)

Then the expression (4) is transformed as follows:

( )
1,38

0

x
c x, C exp 1,4 .

2 Dt

   τ = -     
 	 (9)

The time of complete dissolution of carbon in austenite 
will be:

2

x

0

x
.

C
2.45D ln

C

τ =
 
  

	  (10)

This expression in principle describes not only the diffu-
sion time of carbon, but the diffusion time of any diffusing 

element in general. Therefore, knowing the diffusion coeffi-
cient and the maximum distance, this equation can be used 
to calculate the diffusion time of carbide and intermetallic 
media. The temperature at which the transformation ends is 
evidently equal to:

a tr ahrT v ,= τ  	  (11)

where τtr is the transformation time determined by the ex-
pression (10); vahr is the average heating rate in the investi-
gated temperature range.

The heating rate can be determined from the data of  
[1, 2]. For the case of dissolution of carbon in γ-iron, we get:

2
0 heat

а 3

cem

(0,885 ) v
Т ,

C
2,456D ln

C
γ

∑

∆
= 	  (12)

taking into account the concentration of carbon in cementite 
and austenite

( ) ( )
2

0 h
а 1

0,885 v
Т 727 Ac .

2,97D∑

∆
= + 	  (13)

According to this expression, the heating rates and the 
austenite formation temperatures for various steels are cal-
culated (Fig. 6).

Fig. 6. Dependence of heating rates and temperatures of 
austenitization Ta on the speeds of the source of heating in 

the temperature range 727...1200°C: 1 – vheating; 2 –45 steel; 
3 – 12KH2N4A steel; 4 steel – U8

From Fig. 6 (curve 1), one can see that with an increase 
in the heating rate under the condition of diffusion trans-
formation, the austenite formation temperature increases 
(curves 2, 3, 4). In a simplified form, this phenomenon can 
be explained by the fact that the Feα→Feγ transformation 
occurs at the temperature of the Ac1 point. However, it takes 
some time to dissolve the carbon in Feγ. The diffusion pro-
cess of austenite formation, in particular, explains that when 
grinding annealed steel or steel subjected to high tempering, 
there are no transformations of secondary hardening. The 
austenite formation temperature will depend on the alloying 
degree of the steel and the interlamellar distance Δ0. The 
greater this distance, the more time is spent on the diffusion 
of carbon, and the higher the temperatures of austenite 
formation. The formation of austenite is followed by rapid 
cooling at rates much higher than the critical quenching 
rates, especially when dealing with steels, alloyed with car-
bide-forming elements. A short contact time of the grinding 
wheel and rapid cooling, after the contact of the wheel with 
the given point of the metal ceased, causes certain features 
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of the martensitic transformation of the formed austenite. 
As it is well known, the increase of the carbon content and 
the presence of alloying elements, except for cobalt and alu-
minum, cause the decrease of the Ms – start and Mf –finish 
points of the martensitic transformation (Fig. 7) [18].

a  

b 

Fig. 7. Influence of the content of carbon and alloying 
elements on the temperature Ms and Mf martensitic points: 

a – the effect of carbon on the position of  
Ms and Mf; b – influence of alloying elements on the position 

of Ms and Mf

If the carbon content exceeds 0.6 %, the Mf point moves 
to the negative temperature range. As can be seen from 
Fig. 9, when cooling the austenite formed during grinding, 
due to high cooling rates, high degrees of supercooling are 
achieved.

In the A1–Ms interval, the cooling rate is much higher 
than the critical quenching rates, the temperature curve is 
far from the C-shaped curves, so the diffusion decay of the 
austenite is eliminated.

The martensitic transformation region for the pre-eutec-
toid steels is in the range of 250...50°С [18]. Cooling in this 
interval at a rate of 178·103...52·103 °С/s lasts about 0.9 ms. 
This cooling mode provides a high rate of martensitic trans-
formation, which, due to its inherent kinetics, does not com-
pletely occur [19], at the end of the transformation there al-
ways remains some amount of residual austenite (Fig. 8) [18].

For eutectoid and hypereutectoid steels, the martensi-
tic transformation interval is in the temperature range of 
+200...–80 °C. Since the surface is only cooled to +20 °C 
during grinding, the martensitic transformation interval is 
not completely exhausted, the formation of martensite will 
cease ahead of time and residual austenite will remain in the 
structure.

The amount of martensite formed is proportional to 
the fraction of the martensitic interval traversed by the 

temperature during cooling. When grinding cemented and 
quenched alloy steels, whose Mf point is in the negative tem-
perature range, the martensitic interval does not overlap and  
40–60 % of residual austenite is contained in the surface 
ground layer. Such a phenomenon is observed when grind-
ing the hypereutectoid hardened SHKH15 steel.

а 

b 

Fig. 8. Kinetic diagram of the formation of martensite for:  
a – high-carbon; b – medium-carbon steel

It should be noted that at a temperature above Ac1, 
austenite in a thermodynamically stable state undergoes 
intense plastic deformation, work hardening, by cutting 
grains. The recrystallization temperature for such steels 
is about 1077°C. If the temperature of the surface is below 
this value, then recrystallization cannot occur at all, and if 
higher, then due to a small exposure it does not have time 
to completely occur.

Thus, when grinding conditions are created resembling 
high-temperature thermomechanical processing (ausform-
ing). But because of the distorted cooling regimes, complete 
martensitic transformation does not occur and the residual 
austenite retains its work-hardened state. This state is char-
acterized by strong distortions of the crystal lattice [7], 
fragmentation of the mosaic blocks, as a result of which the 
austenite formed in the surface layer during grinding has 
high hardness and brittleness.

According to the above dependences and the dependenc-
es of [20], the temperatures of the ground surface and the 
cooling rate are calculated.

From (8)–(13), the formation temperatures of austenite 
for the pre-eutectoid, eutectoid, and hypereutectoid carbo-
naceous and alloyed steels are determined under the process-
ing regimes corresponding to Fig. 2 (Table 1).
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Fig. 9. Change of the surface temperature and cooling rate. 
Conditions of the austenitic-martensitic transformation for 
the pre-eutectoid and eutectoid steel: 1 – change in surface 

temperature; 2 – change in cooling rate; Ms45, Mf45, Ms8, 
Mf8 – lines of the beginning and end of the martensitic 
transformation, respectively, for 45 steel and U8 steel;  

3, 4 – branches of the C-shaped diagram of the isothermal 
transformation of austenite vheating source=0.15 m/s

Table 1

The temperature of the formation of austenite in the 
diffusion α→γ transformation under the action of the contact 

grinding temperature

Initial data Ас1

Vwheel, 
m/s

Vsource 
m/s

Vheating 
°С/s

Steel

45 
0.45 % С

U8 
0.8 % С

12KH2N4A 
(carburiz-

ing+harden-
ing 1.2 % С)

SHKH15 
1 % С

35 0.583 3257262 797 797 870 870

45 0.75 5390 798 798 871 871

50 1.0 10353422 799 799 872 872

Note: the average heating rate vheating, °C/s is calculated in the range 
of 700...1500°C

Proceeding from Table 1, it can be concluded that an 
increase of the carbon content and an increase in alloying 
degree give an increase of the austenitization temperature.

5. Discussion of the results of the investigation of 
martensitic transformations in the surface layer during 

grinding of parts from hardened steels

The combination of the surface heating curves during 
grinding with the steel part of the “iron-carbon” diagram 
shows that the temperatures above the Ac1 line are achiev-
able with relatively “mild” treatment regimes.

Measurement using the heating curves of heating rates 
shows that the values of the heating rates are such that there is 
a high probability of high-speed tempering of martensite and 
the formation of austenite according to the M–P–A scheme.

The rate of polymorphic transformation of α-γ is approxi-
mately 5 orders of magnitude higher than the rate of diffusion 
dissolution of carbon in Feγ. Therefore, after the grinding 
temperature corresponding to the PSK line is reached, the 
dissolution of carbon continues for some time during which 
the temperature rises. The diffusion coefficient of carbon in 
Feγ depends on the alloying elements and the concentration. 
Therefore, the carbon dissolution rates and, consequently, the 
austenite formation temperatures are different for steels of 
different chemical compositions are followed by rapid cooling 
at rates much higher than the critical quenching rates, espe-
cially when dealing with steels, alloyed with carbide-forming 
elements. The amount of martensite formed is proportional 
to the fraction of the martensitic interval traversed by the 
temperature during cooling. When grinding cemented and 
quenched alloy steels, the Mf point of which is located in the 
region of negative temperatures, 40–60 % of residual austen-
ite is very often found in the surface ground layer.

At a temperature above Аc1, the austenite formed is sub-
jected to intense plastic deformation – work hardening – by 
cutting grains.

Since the time of thermal action is very small, recrys-
tallization either does not occur at all or is insignificant. 
Residual austenite retains its work-hardened state. Formed 
in the surface layer when grinding, it has a high hardness 
and brittleness.

6. Conclusions

1. The rate of surface heating during grinding in the tem-
perature range at which the 3rd tempering transformation is 
possible is 3∙106 ° C/s; – 0.3∙106°C/s.

2. The formation of austenite in the surface layer of the 
part during grinding in most cases occurs due to the diffu-
sion mechanism.

3. When austenite is formed by the diffusion mechanism 
at normal pressure, the Ac1 tool point increases. This in-
crease is the greater, the higher the heating rate.

4. The austenite formation temperature during grinding 
for the pre-eutectoid, eutectoid and hypereutectoid steels 
is in the range of 800–890 °C and tends to increase with 
increasing heating rate.

The austenite formed is subjected to intensive work 
hardening with cutting grains, and then cooled at speeds 
higher than the critical quenching rates. Residual austenite 
has a deformed crystal lattice.

When machining, the grinding temperature should not 
be higher than the austenite formation temperatures.
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